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NOTES 


I, GENERAL 

Submission of a paper to the Journal of 
the Physics and Chemistry of Solids will be taken 
to imply that it represents original research 
not previously published (except in the form of 
an abstract or preliminary report), that it is not 
being considered for publication elsewhere, and 
that if accepted, it will not be published else- 
where in the same form, in any language, without 
the consent of the editor-in-chief. It should deal 
with original research work in the field of the 
physics and chemistry of solids. 

2. Papers should be submitted to the appro- 
priate regional editor (all English-language papers 
to be sent to the U.S. editor). 

Papers will be published as quickly as possi- 
ble after acceptance, and, subject to space being 
available, should appear in the following issue, 
if this is due for publication not earlier than three 
months after the acceptance date. Short com- 
munications under the heading of “Letters to the 
Editor” will receive priority for publication, and 
will be published in the issue following receipt, 
if accepted not later than the beginning of the 
month preceding publication. 

4. Fifty free reprints of each paper are sup- 
plied. Additional copies can be obtained at a 
reasonable cost if ordered when proofs are 
returned. A reprint order form will accompany 


first proofs. 


II. SCRIPT REQUIREMENTS 
1. Papers submitted should be concise and 


written in a readily understandable style. Scripts 
should be typed and double spaced and submitted 
in duplicate to facilitate refereeing. 

It will be appreciated if authors clearly indicate 
any special characters used. An abstract, not 
exceeding 200 words, should be provided in 
the language of the paper. French and German 
papers should be submitted with English abstract 
and titles, but if this is not possible the abstract 
will be translated by the publishers. To conserve 
space, authors are requested to mark less important 
parts of the paper, such as details of experimental 
technique, methods, mathematical derivations, 
etc. for printing in smal] type. The technical 


FOR CONTRIBUTORS 


description of methods should be given in detail 
only when such methods are new. Authors will 
receive proofs for correction when their papers are 
first set; page proofs will be sent only when the 
amount of alteration makes it advisable. 

2. Illustrations should not be included in the 
typescript of the paper, and legends should be 
typed on a separate sheet. Line drawings which 
require redrawing should include all relevant 
details and clear instructions for the draughtsman. 
If figures are already well drawn it may be possible 
to reproduce them direct from the originals, or 
from good photo-prints if these can be provided. 
It is not possible to reproduce from prints with 
weak lines. Illustrations for reproduction should 
normally be about twice the final size required. 
The lettering should be sufficiently large and bold 
to permit this reduction. Photographs should only 
be included where they are essential. 

3. Tables and figures should be so constructed 
as to be intelligible without reference to the text. 
Every table and column should be provided with 
an explanatory heading. Units of measure must 
always be clearly indicated. The same data should 
not be published in both tables and figures. The 
following standard symbols should be used on line 
drawings since they are easily available to the 
printers: ©,@,+,x,0,8BA,A,O, > 7. ¥: 

4. References are indicated in the text by 
superior numbers in parentheses, and the full 
reference should be given in a list at the end of 
the paper in the following form: 

1. Hirt R., J. Iron St. Inst. 158, 177 (1948). 
2. PEARSON C., The Extrusion of Metals, Chapman and 
Hall, London (1944). 

Abbreviations of journal titles should follow 
those given for Physics Abstracts. It is particularly 
requested that authors’ initials, and appropriate 
volume and page numbers, should be given in 
every case. 

Footnotes, as distinct from literature references 
should be indicated by the following symbols—*, f, 
t, Tf, commencing anew on each page; they should 
not be included in the numbered reference system. 

5. Due to the international character of the 
journal no rigid rules concerning notation and 
spelling will be observed, but each paper should 
be consistent within itself as to symbols and units. 
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EVIDENCE FOR TRIANGULAR MOMENT 
ARRANGEMENTS IN MO: Mn,0O, 


I. S. JACOBS 
General Electric Research Laboratory, Schenectady, New York 


(Received 25 February 1959) 


Abstract—Ferrimagnetic spinel-type compounds frequently have lower spontaneous magnetizations 
than predicted by the simple Néel model in which tetrahedral A-site moments are antiparallel to 
octahedral B-site moments. YAFET and KITTEL (Phys. Rev. 87, 290 (1952)) suggested triangular 
moment arrangements, in which the moments on one kind of site subdivide into two groups making 
angles with each other. A linear increase in net magnetization with field at high field and low tem- 
perature is expected for the triangular arrangement, but not for the antiparallel ferrimagnetic one. 
Such an increase, or differential susceptibility at high fields, is observed on magnetization curves at 
4:2°K in pulsed fields up to 140 kOe on compounds of the form MO - Mn2Os3 where M is Mn, Co, 
Zn or Mg, and mixtures thereof. It is absent in Feg304. These results support a triangular model and 
enable a direct measurement of the strength of the B-B interaction. The observed composition- 
dependence of the spontaneous moment and the high-field susceptibility are in approximate agree- 
ment with simple molecular field models. Assuming the absence of anisotropy fields exceeding 70 
kOe, the spontaneous moment of MngQsg is found to be 1:56-+0-04 Bohr magnetons/molecule, with 
the B-site moments sub-divided into groups at angles. From a comparison with magnetic measure- 
ments at other temperatures, it is suggested that the net A-site moment is dominant. 


and FeCrgO4. Recently, Prince) concluded that 
neutron-diffraction data on CuCrgQy are consistent 


1. INTRODUCTION 
THE spontaneous magnetization at absolute zero 





of a number of ferrimagnetic compounds with 
spinel-type structure is significantly lower than 
predicted by the simple NEEL“) model with tetra- 
hedral A-site moments antiparallel to octahedral 
B-site moments. An explanation may be the tri- 
angular arrangements suggested by YaFET and 
KirTtEL®), Specifically they noted that when A—A 
or B-B antiparallel interactions are comparable to 
the A-B interaction, the moments on the A or B 
sites will divide into two parts, making an angle 
with each other, but with the resultant moment 
antiparallel to the moment on the other kind of 
site (B or A). Such a configuration is called a tri- 
angular arrangement. This idea has been applied 
qualitatively by GorTER®) to several series of ferri- 
magnetic compounds. LOTGERING™) applied the 
YaFET-KITTEL theory to “normal’’ spinels. Also, 
by examining the low-temperature magnetizations 
and the variation of magnetization with tempera- 
ture, he found some evidence for triangular ar- 
rangements in the chromium spinels, MnCreO4 


A 


with a triangular arrangement. PicKAaRT and 
NATHANS®:?), however, also using neutron diffrac- 
tion, found no evidence for ordered triangular 
arrangements in nickel and manganese ferrite- 
chromites whose magnetizations were abnormally 
low. They note that the neutron diffraction would 
be insensitive to such arrangements if they exist 
with only short-range rather than long-range order. 
In another study, using magnetic and X-ray 
diffraction measurements, on the series MnCro_+ 
Al;O4, Epwarps‘) has been able to account for the 
results within the YAFET—KITTEL—LOTGERING 
theory. The evidence for triangular moment ar- 
rangements has been occasionally indirect and 
frequently difficult to obtain. Thus, alternative 
suggestions have been and are still being offered to 
explain the low spontaneous magnetizations. 
A consequence of a triangular moment arrange- 
ment is that at fields higher than those required for 
ferrimagnetic domain alignment there should be a 
linear increase in the net magnetization with field. 


2 Re 
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This follows from simple consideration of the 
torques exerted on moments on that kind of site in 
which subdivision has occurred. By similar rea- 
soning such a differential high-field susceptibility 
is absent in the simple antiparallel ferrimagnetic 
arrangement. (It may be noted that this manifesta- 
tion of a triangular arrangement makes no require- 
ment on the degree of order within the arrange- 
ment.) Measurements of magnetization curves at 
low temperature and in high fields, which are re- 
ported herein, show this differential susceptibility 
in several spinel-type compounds. This observa- 
tion supports the YAFET—KITTEL suggestion and 
provides a direct measure of the B—B (or A-A) 


interaction. 


2. EXPERIMENTAL 


The compounds studied are powders of MnsQO«4 and 
manganites with the formula (MzMni-z)Mn2O4, where 
M is Co, Zn or Mg. The values of x are roughly 0°5 and 
1-0 for each M, and several other selected values. The 
MnsQOx« was prepared by J. S. PRENER of this laboratory 
from MnSO4g with two firings in air at 1000°C. The other 
compounds were prepared by standard techniques from 
carbonates and oxides. They were calcined at 1000°C in 
air, ground, pressed into pellets, fired at 1150°C in air, 
and air-quenched. All were checked by X-ray diffraction 
and chemical analysis (except for one magnesium com- 
pound), determining the degree of phase formation and 
the resulting composition. Both nominal and analyzed 
compositions are given in Table 1. Spinel-type phase 
formation was complete, with one exception as noted 
therein. 


The principal measurement made on each of 
these compounds and for comparison, on the anti- 
parallel ferrimagnetic, FegO4, was the magnetiza- 
tion curve at 4-2°K. Pulsed fields up to 140 kOe 
were used, and the method of measurement has 
been described elsewhere. Coercivity measure- 
ments were also made by the same technique, and 
by conventional ones. Fig. 1 shows results ob- 
tained on MngOxq and FegO4 powders. The high- 
field behavior shows a linear increase in magneti- 
zation for MngQuq, as well as for all the other man- 
ganite compounds studied. This is absent for 
Fe304, within the sensitivity of the measuring 
technique. 

In what follows, the observed differential high- 
field susceptibility is taken as evidence for a tri- 
angular arrangement, and the systems are analyzed 
from this point of view. It does not seem likely 
that this behavior is a conventional approach to 
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saturation against a large magnetocrystalline aniso- 
tropy. The differential susceptibilities of MngO, 
powder at 4:2°K and 20-4°K are nearly equal. The 
“approaches to saturation” plotted as 1/H? for 
these temperatures are non-linear and nearly 
identical, while the coercivities change by an order 
of magnitude, from 16 kOe at 4:2°K to 1-7 kOe at 
20-4°K. The change in coercivity suggests a 
significant change in magnetocrystalline aniso- 
tropy. If the change in moment was merely an 
approach to saturation, the change, for a given 
difference in fields, would be much less at 20-4°K 
than at 4-2°K. 

It is important to emphasize, however, that the 
analysis assumes that the maximum anisotropy 
field does not exceed about half the maximum 
measuring field, or about 70 kOe. If the anisotropy 
field in certain crystallographic directions exceeds 
that value, then certain modifications are neces- 
sary. With the lower anisotropy field, the spon- 
taneous magnetization of these powders is deter- 
mined by extrapolation to H = 0 on the (M, H) 
curves, from the linear course at high fields. With 
the higher anisotropy fields, this procedure would 
be incorrect, and the apparent value should be 
corrected. If, for example, the anisotropy field 
within one crystal plane is less than 70 kOe, but a 
field over 140 kOe is required in a direction per- 
pendicular to that plane, then the true spontaneous 
magnetization would be about 4/7 times the ap- 
parent one. This correction factor would approach 
unity as the larger anisotropy field decreased to- 
ward about 70 kOe. An example of this behavior 
may be found in the comparison of single-crystal 
and powder measurements on metallic dyspro- 
sium.“1) The differential susceptibility at high 
fields provides a correct measure of the pertinent 
exchange interaction when the maximum aniso- 
tropy field is less than 70 kOe, for its value is deter- 
mined from data above that field. For increasing 
anisotropy fields, the observed susceptibility may 
be higher at first, but then gradually decreases to a 
value lower than the correct one characterizing 
the exchange. In the limit of a very high-anisotropy 
field, the same factor 4/7 should be invoked, in the 
symmetry case described above. In the absence of 
single-crystal studies, these corrections will be neg- 
lected, with the reservation that they be applied if 
subsequent work demonstrates the presence of very 
high-anisotropy fields. The qualitative features 
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Fic. 1. Magnetization per unit volume M versus field H for powder samples 
at 4:2°K. (a) MnO; (b) FesO.. 





4+ a 


of the present interpretation remain essentially 
intact in the presence of anisotropy fields much 
greater than 140 kOe. 

The value of the spontaneous magnetization, 
Mp in e.m.u./cm3, and mo in Bohr magnetons (yz) 
molecule, is presented in Table 1, for each com- 
pound. Also given are the intrinsic coercivity, Hei, 
the volume susceptibility at high fields, x, and the 
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values corresponding thereto, except for M = Co. 
Since the tetragonal distortion of these compounds 
persists up to about 1300°K, the crystal fields act- 
ing on the cations are the same in the magnetically 
ordered and disordered states. Consequently, it is 
very unlikely that there is a reduced moment in 
the ferrimagnetic state arising from “spin quench- 
ing”’ in the crystal field. 


Table 1. Chemical analyses and magnetic parameters measured at 4-2°K 


Mo 


Analyzed 
composition* 


Nominal 
composition 


(e.m.u./cm*) (,/molecule) 


mo 


(kOe)t (molar) 


(104«, c.g.s.) 





Mn30.4.01 

Zno.30Mne.7004.27 
Zno.52Mnoe.4804.35 
Zno.93Mne.0704.38 


Mn304 
Zno.25Mnoe.7504 
Zno.5Mngz.504 
Zno.95Mnge.09504 
Mego 5Mn2.504 
Mg Mn20,4 
Coo.s5Mne.504 
Coo.75Mne.2504 
Coo.95Mne.9504 


M¢g1.01Mni.9904.08 
Coo.50Mne.5004.24 
Coo.72Mne.2804.32 
Coo.94Mne.06Os3. 967 


71412 
61+9 
8348 
95412 
67413 
82+12 


16+1 
0-49 


+- He 


He He He He 


ooooooooco 


l 
r 


rT 


WWW DO WY ND dD WH WD 
ASDOUINWwWAUNS 
AUMANANhRADOAUAUN 


0-38+0-05 


* Uncertainty in oxygen content is +0-01 for Mn3O4 and +0-06 for other compounds. 
+ Particle size of MnzO4 powder is 1-5 4. Other compounds screened to d < 147 with many particles in 5-10 p» 


range. 


t This sample contains an estimated 10 per cent content of second phase as (Co, Mn) O, determined by X-ray 
diffraction. The resulting composition of spinel-type phase is Coo.92:0.02Mn2.08i0.0204. Values of Mo and « are 


corrected for this dilution. 


value of the interaction parameter mf, to be dis- 
cussed below, which is the reciprocal of the molar 
differential susceptibility at high fields. 


3. DISCUSSION 

The compounds investigated are isomorphous 
with the mineral hausmannite, MngQxq, which is a 
tetragonally distorted spinel (c/a = 1:16). The 
question of cation valence assignment and distri- 
bution is approximately resolved. Various 
studies™?-13) and comparisons of properties have 
enabled assignment of M2* to the tetrahedral sites, 
and most recent theoretical interpretations suggest 
[Mn*+Mn*+] as the octahedral site occupa- 
tion.“4-17 In this view these compounds are 
“normal” spinels, having but one kind of ion in the 
octahedral sites. 

Susceptibility measurements@&-2 in the para- 
magnetic state are in accord with the above cation 
assignment, and with the “spin-only’’ moment 


MngQOx has a ferrimagnetic Néel temperature at 
about 43°K,(2°-21) and the antiparallel assignment 
of moments would lead to a spontaneous moment 
mg of |5—2(4) 3uz/molecule. The value ob- 
tained from Fig. 1 and Table 1 is mp = 1-564 
+0-04, molecule. Values previously reported 
are 1-4(22) and 0-8. The lower values are partly 
understandable inasmuch as the coercivity at 
4-2°K is 16 kOe. To obtain a low moment with 
a triangular arrangement, it is clear that the B-site 
moments must divide, rather than those of the 
A-site. The various antiparallel and triangular 
ferrimagnetic arrangements are shown schemati- 
cally in Fig. 2. 

To satisfy the observed moment with a triangular 
arrangement, two choices are possible for the angle 
Yo (see Fig. 2), depending on whether the net 
A-site moment, |A|, is greater or less than the net 
B-site moment, |B|. As presented here, the high- 
field measurements on a compound cannot resolve 
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Fic. 2. Ferrimagnetic arrangements in (Mn*+)[Mne**]O4 

in zero external field. The triangular ferrimagnetic 

arrangements are drawn to yield the observed spontane- 
ous moment, mo = 1°56-+0-04ye. 


this ambiguity. In principle, however, much 
higher field measurements would enable a choice 
to be made, depending on whether a ferrimagnetic 
saturation occurred at 3,/molecule (if spontane- 
ous |B| exceeds |A]), or no saturation occurred until 
the ferromagnetic one at 13u,/molecule (if |A| 
exceeds spontaneous |B|). The fields required in 
these two cases are approximately 5-5 x 105 Oe 
and 4-5 x 106 Oe, respectively. The projected mag- 
netization curves for MngQq for the two cases 


|A| < |B] are shown in Fig. 3, For the case of 
ferrimagnetic saturation at 32/molecule, there is 
a subsequent transition to ferromagnetic saturation 
at still higher fields. If the A—A interaction is zero 
or ferromagnetic, the transition occurs abruptly 
at a flip-over field of 4-15 x 106 Oe, calculated from 


interaction constants evaluated below. Alterna- 


FERROMAGNETIC a 
SATURATION 


M IN pp, / MOLECULE 
LIMIT OF PRESENT EXPLORATION 


{81> IA), 


‘ 
sf 


2 : 3 j 4 5 

H IN MEGA-OERSTEDS 
Fic. 3. Magnetization curves for Mn3Oa, projected be- 
yond the limit of present exploration. Predictions are 
given for the two triangular arrangements of Fig. 2. 
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tively, if the A—A interaction is antiferromagnetic, 
the transition occurs gradually. It starts at a field 
somewhat higher than that required for ferri- 
magnetic saturation, proceeds with a different 
high-field susceptibility and reaches ferromagnetic 
saturation at a field exceeding the abrupt flip-over 
field. (See Appendix, Part 2.) 


4. ANALYSIS 

In proceeding further, the notation and formula- 
tion of LOTGERING pertinent to 0°K will be used. 
The tetrahedral and octahedral site ions may be 
divided into subgroups A; and As, and B, and Bo, 
respectively. The Weiss constants relating these 
are 0, an, (1/2)8n, Bn and n for the interactions 
AiAi, AiA; # ty BBi, BiB; xt and A,B j, re- 
spectively. The constants are taken as positive for 
antiparallel interactions. The expressions for the 
net moment per mole on each kind of site are 
A =4a)|+a@2 and B=b)+be, with |a4| =a= 
(1/2) Nuggja and |b;| = b = Nuzgjp, where N is 
Avogadro’s number, yg the Bohr magneton, g the 
spectroscopic splitting factor (2 for the spin-only 
state), and 7 the quantum number (assumed to be 
spin-only). From a consideration of torques on a 
given B; subgroup, arising from Weiss fields 
—na; and —nfb; , «and an external field H, in the 
direction of the spontaneous moment, it is readily 
shown (see Appendix, Part 1) that the moment per 
mole is given by 


+2a(1—1/8)+H/nB, (1) 


mNup 


where m is the moment/molecule in Bohr mag- 
netons and the + sign infers 8 > 1, |A| > |B. In 
zero field, the spontaneous moment/molecule is 


my = +g) 4(1—1/8), (2) 
and the corresponding angle is given by 


na|npb. (3) 


sin Yo 


Thus the differential high-field susceptibility mea- 
sures the B—B interaction, n8, and the spontaneous 
moment determines two possible values for 
B (or Yo). 

Inasmuch as the high-field susceptibility de- 
pends only on the B sites, it should be insensitive 
to the kind of ion on A sites, if the structural para- 
meters are similar. Measuremenis listed in Table 1 
on the series of compounds for which the B-site 
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occupation is the same indicate a rough agreement 
with this premise. If, therefore, it is crudely 
assumed that 8 is’a constant, the variation of mo 
may be examined with a view to understanding 
the variation of n, the A—B interaction parameter, 
with the kind of ion in the A site. 


The expression for the moment/mole musi first be re- 
written to reflect the contributions from the different 
A-site ions. Let singly and doubly primed quantities 
refer to the values appropriate to complete occupation of 
A-sites by the first kind of ion (Mn?*) or the second kind 
(Co?+, Zn?+, Mg?*), respectively. Then the total A-site 
moment is given by 


A| 2a = 2[a'(1—x)+a"'x], (4) 
where x is the fraction of A sites occupied by the second 
kind of ion. Invoking the simplest assumptions of 
randomness and additivity, the interaction field from 
A-site ions acting on B-site ions is given by 


na = n'a'(1—x)+n"a"'x. (5) 


With (78) assumed constant, the variation of n with A- 
site ion, calls for new f-values, such that (78) = (n’B’) = 
(n’’B’’). From the considerations leading to equation (1), 
the moment/mole is now given by 


+2[a’(1—x)(1—1/f’)+ 
+a’'x(1—1/8")]+H/n8, (6) 
where the sign infers that at x 0, ~’ >1 and 


A| > |B|. To complete the analysis one inserts various 
and relationships between n’ and n” (or 


mNup 


values for a”, 
2 i pr . ] . . _ I . . ] : y _ li ~ , t 
B’ and 8”) and compares the resulting prediction with 
the observed values for mo. 


Non-magnetic A-site ton 
This is the case for Zn2+ and Meg?*, and is treated 
with a 0. Then equation (6) reduces to 
mo +2(a’ Nupyl—a \(1—1/’). (7) 
The variation of mo is thus expected to be a linear 
decrease, reaching zero at x 1. This would be 
accompanied by a linear decrease in sin Yo (see 
equations (5) and (3)). The two possible values of 
B’ which give the observed mp for MngOq at x = 0, 
give identical behavior of mo as a function of x in 
equation (7). These two values are related by 
1/B’a4> pt1/P’p> 4 = 2, 
1-4540-02 and f’ps 4: 


- 
~ — 
Pp A = 


> B 
0-76+0-01. There is no 
B| or |B| > 


and are 


8 
basis here for a choice between |A 
Al. 

The comparison of results with prediction is 
shown in Fig. 4 for both Mg and Zn substitution 
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A 
/ 


/ Quasi - NEEL 
1BI > Al 


YAFET ~ KITTEL 
|Al>1B} OR |BI>IAl 


‘WOLECULE 








1-0 
Zn M404 
Mg Mn20,4 


Fic. 4. Variation of spontaneous moment with A-site 
composition resulting from substitution of non-magnetic 
Zn2+ or Mg?* ions. For ‘‘quasi-Néel’’ models, the B-site 
held constant. @—(ZnzMni-z)Mn2O04; 
m—MezMni-z)Mn20,. 


moment is 


in the A site. There is good agreement with the 
relation derived for a triangular arrangement. If, 
instead, a quasi- Néel model were adopted in which 
the net B-site moment was unchanged, at least 
initially, when a non-magnetic A-site ion was in- 
troduced, then the value of mp would either rise 
steeply near x = 0, for |B) > |Al, or it would fall 
steeply for |A| >|B|. These linear relations, 
similar to data on M—Zn ferrite series,®) are also 
shown in the figure. These models are clearly 
eliminated by the observed agreement in favor of 
the YAFET-K1TTEL model in which the A-B inter- 
action field is proportional to the net A-site mo- 
ment. 


Magnetic A-site ton 

The Co?+ substitution series falls into this cate- 
gory, with a’ #0. There is some ambiguity re- 
garding the value of the Co?+ moment. One choice 
is the spin-only value of gj4 = 3. This is sup- 
ported by the work of CossEe9), which shows that 
Co?+ in tetrahedral sites has an effective moment 
only slightly larger than the spin-only value. 
Boncers,%) however, found a Curie constant for 
CoMne0, rather larger than would be expected. 
Assuming a spin-only value for Mn**+, a moment 
value for Co2+ may be derived from the Curie con- 
stant as gj4 = 3-7, with j4 as the spin quantum 
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number and with a g-value larger than 2. While it 
may be dangerous to rely too heavily on the high- 
temperature susceptibility data, this represents an 
extreme second choice. At present a clear choice 
is not possible, so both values will be considered in 
the analysis. 

A wide variety of relations between n’ and n”’ 
(or B’ and f’’) is possible, in the absence of specific 
theoretical considerations. Certain of these have 
been selected on an arbitrary basis, and the result- 
ing expressions for mo from equation (6) plotted in 
Fig. 5 with the experimental data on this series from 


20° — 
\al>B! | 


M, IN p_/MOLEGULE 


~ 


Fic. 5. Variation of spontaneous moment with A-site 
composition resulting from substitution of magnetic 
Co2+ ion, (CozMni-z)Mn2O4. @—present work; 
A—WIcKHAM and Crort.'??) Letters a, b distinguish 
equivalent starting points at Mn3O4. Simple models 
shown with heavy lines for gj4(Co?+) = 3-0, with light 
line for gja(Co?*+) = 3:7. Models 1 and 2 assume 
n’ = n’’. Models 3 and 4 assume n’a’ = na”, or |B| = 
constant. Dashed lines 5 and 6 are empirical linear fits 
to data, usable with either value of gj. 


Table 1. The heavy solid lines refer to simple 
assumptions using gj4 = 3 for Co*+, while the 
light solid lines refer to similar assumptions using 
gja = 3-7 for Co?*, The dashed lines are drawn 
empirically to fit the present data, and may be 
interpreted with either choice for gj4. The letters 
a, b on the labels of these lines signify that the 
greater net site moment is |A| or |B], respectively, 
at the start of the line (x = 0, MngOx.). Also shown 


are data reported by WIcKHAM and Crorr(?2) for 
this range of composition. Their values are some- 
what lower than those reported here. The appar- 
ent discrepancies are expected in view of the high 
coercivities and the lower measuring fields they 
used. 

Perhaps the simplest assumption to make is 
n'' =n' (or B” = 8’). It signifies that the A-B 
interaction field is proportional to the net A-site 
moment, as assumed for the series with Zn2+ and 
Mg?*, It is plotted in Fig. 5 as la, 16 for gj4 
(Co?+) = 3 and 2a, 2b for gj4 (Co?+) = 3-7, with 
the letters a, b indicating the starting points. The 
B’ values used are those given in the previous sec- 
tion. The functional dependence is independent of 
whether the dominant moment at MngQ,j is |A| or 
|B]. Comparison with the observed data rules out 
this assumption. 

Another simple assumption is that the A-B 
interaction field does not change when Mn?*+ is 
replaced by Co?+. This is written as n'a’ = n’’a"’ 
(or Ba’ = f’a’’). A consequence of this assump- 
tion is that the angle yo, (equation (3)) and hence 
the net B-site moment, do not change with com- 
position. In a special sense, this is a quasi-Néel 
model. The predicted behaviors of mo are plotted 
in Fig. 5 as 3a, 3b, and 4a, 4b, the former pair for 
gja(Co?*) = 3 and the latter for gj4(Co?*) = 3-7. 
The pair 3b and 40 bear no relation to the observed 
data, while the pair 3a and 4a exhibit the same 
trend as the data and bracket them. In a prelimin- 
ary report, (24) lacking the observation at x = 0-72, 
the line 3a was prematurely chosen as giving rea- 
sonable agreement with experiment. The differ- 
ence between lines 3a and 4a illustrates the sen- 
sitivity to the value of the Co?* ion moment. 

Before considering the dashed lines which are 
drawn empirically, it should be noted that the 
functional dependences of 3a and of 4a are not 
unique. Mirror-image lines of the type 5 may 
easily be constructed with the appropriate choices 
of n’’. Such lines would lack only the constancy of 
the angle % and the physical interpretation about 
the A-B interaction field assumed above. 

The lines 5a and 6b are equivalent except for 
starting point, and are drawn as a linear fit to the 
observations. At x = 1, i.e. CoMngQq, the extra- 
polated value of mo is 0-15y,/molecule. The 
proximity of 5a to the lines 3a and 4a suggests that 
the A-B interaction field and B site angle change 
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but little, if 5a is the correct choice. Thus for 5a 
using gj4 (Co = - 3, the description Yo =,25-5°, 
Bp’ =1-45 at x=0 changes to yo = 20-9", 
B” = 1-05 at x = 1. If the value of gj4 (Co?*) is 
take n to be about 3-6, just smaller than the value of 

7 derived above, then % remains constant along 
5a, and the corresponding value of f’ is 1-04. 
Should 5a prove to be a correct representation, it 
may be possible for neutron-diffraction experi- 
ments to distinguish between the two cases just 
considered. By contrast, the line 66 predicts more 
easily distinguished variation of B-site angle. For 
example, using gj4 (Co®+) = 3, these values are 
wo 4°, 8" 0-76 atx 0 and they change to 
wig = 23-2°, B’’ = 0-95 at x = 1. The results dis- 
cussed so far do not enable a choice to be made 
between lines 5a and 66, which are equally good 
representations of the observed spontaneous mo- 


5ai 
2+ 


ment behavior. 


Choice between alternatives 


In each of the preceding sections, that for non- 
magnetic or for magnetic A-site ion substitution, 
reasonable agreement with experiment was ob- 
tained in a way which left an ambiguity. In each 
case the choice was between |A| > |B] or |B| > |A 
MngQ4. While neutron-diffraction ex- 
progress’) should clarify the des- 


at x V, 
periments in 
cription in detail, it is the aim of this section to 
examine other magnetic data for a possible resolu- 
tion of the ambiguity. 

In the analysis employed here there are three 
constants, ”, « The low- 
high-field measurements yield esti- 


interaction and £. 
temperature, 
mates of 8 and n, but not of «, which is a measure of 
the A;A; interaction. If « were known, estimates 
could be made of other magnetic parameters, 
namely 7g, the Curie temperature 
derived from a linear extrapolation of the re- 


asymptotic 


ciprocal susceptibility versus temperature curve at 
high temperatures, and 7's, the temperature at 
which spontaneous magnetization first appears on 
cooling from high temperature. A knowledge of « 
would also give information as to the variation of 
spontaneous moment with temperature and the 
positions and types of transitions between 0°K and 
the paramagnetic state. As discussed by YAFET and 
KITTEL and by LOTGERING, the triangular ferri- 
magnetic state (>) does not, in general, give way 
to a paramagnetic state (**), and there are inter- 
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vening states which are antiparallel ferrimagnetic 
(t}) or paramagnetic in one subgroup and anti- 
ferromagnetic in the other (*7). Since there are 
measurements on MngQyq of Tq") and of T'(20-21) 
and of moment versus temperature, 2!) it may be 
possible to reconcile the available information in 
such a way as to suggest a resolution of the am- 
biguity noted above. 


The construction of an a—-f diagram for MnsQ,, 
according to the formulation of LOTGERING,) is a useful 
guide. A portion thereof is shown in Fig. 6. It contains 
the following curves: (1) the curve «8 = 1, for aB < 1 is 





Dav 


Fic. 6. «—8 diagram for Mn3Q«z according to YAFET and 
KITTEL, and LOTGERING. « ratio of interactions 
AiA;/AiB;; B = ratio BiB;/AiB;. Dashed lines for B 
values yielding observed spontaneous moment. Moment-— 
temperature curves shown for regions of interest F, ... L. 


required for ferrimagnetism; (2) the lines 8 = a/b and 
« = b/a (values of a, b, at 0°K), for B > a/b is required 
for a triangular ferrimagnetic with angles between 
B-site ions at 0°K, and similarly for « and A-site ions; 
(3) the curve labelled Tz Tc, where T 3 is the order- 
ing temperature for antiferromagnetism on the B sites 
and Tc is the Curie temperature for the appearance of 
spontaneous moment with an antiparallel ferrimagnetic; 
(4) the curve 74 Tc, where T4 refers to A-site ion 
antiferromagnetism; (5) the line 8 = 1 separating the 
region which has |A| |B], 8 > 1 at O°K, from that 
which has |B| > |A|, B < 1; (6) the line g(a, 8) = 0, 
which, together with the line P 1, bounds the region 
in which there is a compensation point anomaly in the 
magnetization; and (7) the lines B’4 = 1-45 and 
B’p> aA 0:76, which are the two alternate choices of B 
to account for the observed mo. The two f’ lines limit the 
sections to be examined. These are labelled F, G, H 
along P’ps a 0:76 and K, L along f’as Bp = 1°45. 
Region F is complex with three different ferrimagnetic 
configurations, between 0°K and Ty. The other regions 
are simpler, and the configurations are noted schematic- 
ally on the diagram. The measurements of KOUVEL and 
Treartis'2!) show no evidence for a compensation point, 
so region H may be eliminated at the start. For the re- 
maining regions, the diagram indicates which « values 
may be used to estimate particular types of Ty tempera- 
tures. 
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To collate the available information for Mn304 
it is interesting to tabulate the various estimates of 
n, the A,B; interaction constant for the two choices 


Bas p=1-45 and f’p, 4=0-76. These are 


Table 2. Values of AyB; interaction constant, n, for 


ne n3 n4 





> 56 
> 64 


| < 29 
| < 37 


| 4948 
| 94+15 


69-5 
131+8 


* ni from observed high-field susceptibility of Mn30O4 
nefrom asymptotic Curie temperature of 
(MgzZni-z)Mn204 
ng from asymptotic Curie temperature of Mn3O4 
n4 from ferrimagnetic Curie temperature of Mn3O,. 


presented in Table 2. The first of these, 7, is ob- 
tained from the differential high-field suscepti- 
bility of MngQOq listed in Table 1. The asymptotic 
Curie temperature extrapolations of BoNncers{9) 
provide other sources. As given by LOTGERING, 


Ta = — (n|Cat) (C.42a/6+Cp28+4C4Cp/3), (8) 


where C4 and Cg are the usual Curie constants per 
mole of A- or B-site ions with Caz = (C4+2Cp)/3. 
For ZnMngO4 and MgMngQOxy, C4 is zero and the 
value of Tq gives an independent estimate of nf, 
from which m2 is computed. (‘This estimate neg- 
lects certain interactions within B-site sub- 
groups. (4:8) The 7g value for MngO4 may be used 
to estimate a lower limit for m, because the value of 
a has an upper bound at 1/8. This is listed as mg. In 
a related way the observed 7’; may be used to cal- 
culate upper limits for n, listed as m4, using the 
formulas appropriate to the particular region on the 
a—B diagram.) All the calculations for Table 2 use 
the spin-only values of C4 and Cg for MngQO4. 
Considering the first three estimates of m for the 
two cases, those for B’ = 1-45 fall into a nearly 
overlapping group. Those for 8’ = 0-76 seem to 
spread somewhat, It would improve if ng of this 
group were brought into the range between m and 
ne. However, this requires a value of « of —2-4, 
placing it in the anomalous region H, which is 
ruled out. With regard to m4, there is a disagree- 
ment of a factor of two from the other estimates in 
the former case, and by a greater factor in the 


latter case. This demonstrates a weakness in the 
ability of the simple theory to account for the ob- 
served behavior over a wide range of temperature. 
From another point of view, the disagreement may 
not be considered as too bad, and may then be 
taken to suggest a preference for the configuration 
with the value 8 = 1-45 corresponding to a domin- 
ant moment on the A sites in MngQOq. Stronger 
resolution of the ambiguity is desirable and may 
be provided by neutron-diffraction studies. The 
value of mq closest to the other estimates is obtained 
from region L of Fig. 6. With the suggested choice, 
the Mn-Co series of Fig. 5 is best represented by 
line 5a rather than line 6b. 


5. CONCLUSION 

The observation of a high-field differential 
susceptibility at low temperature in ferrimagnetic 
spinel-type compounds is shown to be a useful 
technique for detecting and measuring the tri- 
angular moment arrangements proposed by YAFET 
and KiTTeL. As applied to a series of tetragonally 
distorted spinels (MO - MngQs3), with ‘‘normal”’ 
cation distribution, the measured high-field sus- 
ceptibility is in approximate agreement with the 
prediction of the triangular array model. The be- 
havior of the spontaneous moment as a function of 
the M-ion composition is amenable to description 
with simple molecular-field assumptions. Although 
certain fundamental ambiguities arise in the inter- 
pretation, it is possible to resolve them by recon- 
ciliation with magnetic measurements at other tem- 
peratures. It is concluded that MngQg has a tri- 
angular moment arrangement at 4-2°K, in which 
the B-site moments are subdivided into two partsf 
making angles with each other. Assuming the 
absence of anisotropy fields exceeding 70 kOe, the 
net spontaneous moment of MngQOzq is found to be 
1:56+0-04u,/molecule, and it is suggested that 
the A-site moment exceeds the net B-site moment. 
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parts may be changed to four parts, without any altera- 
tion of the analysis. 
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APPENDIX 

(1) The derivation of equation (1) proceeds from a con- 
sideration of the torques acting on the spin moment of the 
B; subgroup from the Weiss fields and the external field 
H pointing along the net moment direction. Using the 
definitions given just prior to equation (1), and with 
reference to the two triangular arrangements in Fig. 2, 
the Weiss field on a Bi group moment is 


hp —n{a,;+a2+(1 2)8b;+8 2]. 
The condition for equilibrium of the torques is given by 


b; xX (hp,+A) 0 


+Hb sin (7/2+u)+nBb? sin 2, 


2nab sin (7/2—) 
where the upper sign holds for |A| > |B! and the lower 
for |B A|. This reduces to 
sind = (2na+H)/2npb, 
which shows the field-dependence of the angle, whose 
zero field value is given by equation (3). The net mo- 
ment per mole is given by 
mNup A+B +(2a—2b sin yb), 

with the signs as designated above. Upon substitution 
for sin J, equation (1) is obtained, 


mNup +2a(1—1/8)+H/n. 


(2) The various “‘saturation’’ fields, H,, and the ferri- 
magnetic-to-ferromagnetic transition fields of Fig. 3 are 
calculated from the expressions in Part (1) above. The 
case where 


saturation occurs in the 


0. As in the preceding, the upper sign 


ferromagnetic 
{ B\ at H 
in the equations refers to this case. The ferrimagnetic 
saturation, to which the lower sign refers, occurs when 
B| A| at H = 0. The values of # at these saturation 
conditions are 7/2, or sin & -1. Substituting into 


the expression for sin ¥, one finds 
Hs; = 2nBb+2na. 


To avoid confusion between the different interaction 
parameters of the two cases, H, should be rewritten in 
terms of the directly measured quantities (78) and mo. 
Using equation (2) for mo, H, is given as 


H, (nB)(2b6+2a—mpNup) 
(nB)Nup(2ej] p+) 4— Mo). 
For ferromagnetic or zero A;Aj interaction the transi- 


tion from ferrimagnetic to ferromagnetic states occurs 
abruptly at a flip-over field, Hy. This is obtained by 


equating the external field to the Weiss field acting on the 
A-site moments from the B-site moments in their satur- 
ated ferrimagnetic configuration. Thus 


Hy = 2nb, 


and, in terms of directly measured quantities, 


Hy = (nB)Nup(gia/gia)(2mo+ 2g7 4). 


When the A;A; interaction is antiferromagnetic, con- 
siderations like those used in Part (1), above, show that 
the transition from ferrimagnetic to ferromagnetic 
saturation occurs gradually. It starts at a field H = 2nb— 
—2naa which is greater than that required for ferri- 
magnetic saturation of the original triangular ferri- 
magnetic. The magnetization increases by an analogous 
process to that occurring at the lower fields, with a 
differential susceptibility of 1/na. Ferromagnetic satura- 
tion is finally attained at a field H = 2nb+-2naa. Since a 
is not easily determined by direct measurements, these 
expressions have not been rewritten. 
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Abstract—The Hall effect and electrical resistivity of metastable y-phase (b.c.c.) binary alloys of 
uranium containing 11-6, 21:7 and 30°5 atomic percent molybdenum and 22:2 atomic percent 
niobium have been studied between ~ 1°K and room temperature in magnetic fields up to 30 kG. 
The Hall coefficients of the latter three alloys were positive and only weakly temperature-dependent, 
while the Hall coefficient of the 11-6 atomic percent molybdenum alloy was strongly dependent upon 
both temperature and magnetic field. All samples exhibited superconductivity below ~ 2°K and 
were characterized by weak negative temperature coefficients of resistivity between the transition 
temperatures and room temperature. Magnetic fields of ~ 30 kG were required to restore the normal 
resistivity at 1-2°K. The bearing of the results of this investigation on an understanding of the 


electronic structure of the y-phase is discussed. 


1. INTRODUCTION 
From 770°C to the melting point, uranium exists 
as a b.c.c. phase (y-phase).) This phase can be re- 
tained at room temperature in uranium-rich binary 
alloys containing certain amounts of molybdenum 
and niobium provided that: (1) the sample is 
quenched from high temperatures or (2) the 
sample is irradiated in a nuclear reactor.2—4) In the 
latter instance, the transformation to the metastable 
y-phase is believed to take place via the Brinkman 
displacement spike mechanism.®:5) The present 
investigation ®) was prompted by a report®-4) of un- 
usual behavior in the electrical resistivity versus 
temperature relation for the y-phase alloys; viz. the 
existence of a small negative temperature coeffici- 
ent of resistivity between liquid-helium tempera- 
ture and room temperature. Such behavior is not 
confined to the metastable uranium alloys, for it 
has been observed above liquid-nitrogen tempera- 
ture for b.c.c. phases in the titanium—niobium 
system by Ames and McQuiILian), in the 
titanium—vanadium system by BROTZEN ef al.(®) 
and in the titanium-molybdenum system by 
Yosuipa and Tsuya®). In the present instance it 


* This research was supported by the U.S. Atomic 
Energy Commission. 


was believed that Hall-effect measurements on a 
series of alloys in which p (electrical resistivity) is 
nearly independent of 7 (temperature) should shed 
some light on the problem of the importance of 
electron scattering on the Hall coefficient R. As 
already noted,“ the R versus T curves for uran- 
ium, titanium and copper are characterized by 
weak temperature-dependence in the residual- and 
linear-resistivity regions and strong temperature- 
dependence in the small-angle, electron-phonon 
scattering region. If such effects are indeed the 
consequence of changes in electron-scattering 
mechanisms, only weak temperature-dependence 
of R might be expected for the metastable y-phase 
alloys, provided of that temperature- 
induced changes of charge-carrier concentration 
are absent. The results to be described are in 
general accord with this view. In addition, the Hall 
data have interesting bearing on an understanding 
of the y-phase and its unusual properties. Recently, 
CHANDRASEKHAR and HuLm(!+12) (hereafter re- 
ferred to as CH) and Loassy3) have proposed 
possible explanations for the unusual p versus 7 
relation for the y-phase alloys. These explanations 
hypothesize electronic structures which appear to 
be inconsistent with the Hall data obtained in this 
investigation. 


course 
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The superconductivity detected in the present 
investigation was also independently discovered by 
CH and is of particular interest in light of the 
anomalous resistivity and metastability of the 
y-phase. 


2. SAMPLES AND EXPERIMENTAL METHODS 

The raw materials for the alloys consisted of re- 
actor grade uranium, Johnson-Matthey molyb- 
denum, and Murex niobium. Samples were 
machined from argon-arc-melted buttons of the 
compositions listed in Table 1. They were then 
sealed into evacuated Vycor capsules, held at 
930°C for periods up to 2 hr, and water-quenched 
without fracture of the capsule. The stabilization 
of the b.c.c. y-phase structure was confirmed by 
X-ray examination, and the corresponding lattice 
parameters are listed in Table 1. Although 
Bostrom and HALTEMAN®) reported that water- 
quenching in the composition range 4-14 a/o 
(atomic percent) Mo may produce a diffusionless 
phase change to a base-centered orthorhombic 
a’-phase, no evidence was found for any appreci- 
able quantity of this phase in the 11-6 a/o Mo 
sample. 

The cryogenic, magnetic and electrical appa- 
ratus and procedures used in this investigation 
have been described elsewhere. (4:15) 


3. EXPERIMENTAL RESULTS 
(a) Electrical resistivity and Hall effect 
The normal-state resistivity data are presented in 
Fig. 1 and, except for the case of the 11-6 a/o Mo 
alloy, are in good accord with the data of CH.“2) 
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Electrical resistivity versus temperature curves 
metastable y-phase U-Mo and U-NDb alloys. 
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In the present investigation all four samples ex- 
hibited negative temperature coefficients of re- 
sistivity, supporting the X-ray evidence for the y- 
phase structure of the 11-6 a/o Mo alloy. On the 
other hand, CH reported a positive coefficient 
between 4-2 and 77°K and a negative coefficient 
between 77°K and room temperature for a sample 
of identical composition, which could indicate the 
presence of mixed phases. 

The Hall coefficient data were less suggestive of 
similar structure for the 11-6 a/o Mo sample. 
Although three of the samples exhibited Hall 
voltages which were strictly linear in H (magnetic 
field strength) and only weakly temperature- 
dependent, the Hall coefficient for the 11-6 a/o Mo 
sample was strongly dependent upon both H and T. 
Nevertheless, in all instances, the Hall coefficients 
were positive, indicating dominance of hole con- 
duction. The Hall coefficient data for the three 
“well-behaved” samples are compared with data5) 
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Fic. 2. Hall coefficient versus temperature curves for 
metastable y-phase U-Mo and U-Nb alloys. Data ) for 
pure «-uranium are included (dashed line) for compari- 
son. 


on pure «-uranium in Fig. 2. The close agreement 
with the «-uranium data at room temperature is 
somewhat surprising (and probably fortuitous) in 
view of the differences in crystal structure. The 
fact that the data for the 21-7 and 30-5 a/o Mo 
samples are nearly identical at all temperatures 
suggests that uranium and molybdenum contri- 
bute charge to the conduction process in much the 
same way. Thus the data appear to contradict 
LoasBy’s conclusion“) that contributions of four 
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and six electrons are made respectively by uran- 
ium and molybdenum. The lower Hall coefficient 
values for the niobium alloy imply that niobium 
contributes in a different way, which on naive 
reasoning is not surprising, since uranium and 
molybdenum each have six electrons outside 
closed shells, whereas niobium has five. 

The H- and 7-dependences of the Hall coeffici- 


ent of the 11-6 a/o Mo sample are shown in Fig. 3. 


(em3/coulomb) 
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H (kilogauss) 
Fic. 3. Hall coefficient versus magnetic field curves at 
three temperatures for a metastable y-phase uranium 
alloy containing 11-6 a/o Mo. 


Because these results are so unusual for a metal in 
which the relaxation time is obviously very short, 
the sample was remounted and measured a second 
time at all three temperatures. The results were 
reproduced with a maximum difference of ~ 3 
per cent at low fields and general agreement to 1 
per cent. The observed behavior is suggestive of a 
very sensitive temperature-dependent electronic- 
structure condition which might characterize in- 
stability of the y-phase and favor the transforma- 
tion to the «’-phase. 

An explanation of the similarity in the electrical- 
resistivity behavior for all alloys despite differing 
Hall-effect behavior involves various possibilities. 


As already emphasized,“5) the Hall effect appears 
to be much more sensitive to details of the elec- 
tronic structure than is the resistivity. Because of 
the anomalously high resistivities of the y-phase 
alloys at low temperatures, it appears that scatter- 
ing processes are so dominant in determining the 
resistivity that the details of the electronic struc- 
ture are of only secondary importance. It should be 
mentioned in this connection that for such a 
sensitive electronic condition as apparently exists 
in the 11-6 a/o Mo sample a sizeable magneto- 
resistance might be expected. However, none was 
observable for this alloy nor for the other alloys 
studied. 


(b) Superconductivity 

Because an excellent discussion of the super- 
conductivity of the y-phase alloys has already been 
given by CH,“2) the results of the present investi- 
gation will be described only briefly with emphasis 
on the additional aspects studied. 
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Fic. 4. Superconducting transitions for a metastable 

y-phase uranium alloy containing 21°7 a/o Mo. This is 
typical of all four alloys studied. 


All four alloys underwent superconducting 
transitions in the vicinity of 2°K. A typical re- 
sistive transition is illustrated for the 21-7 a/o Mo 
alloy in Fig. 4, and transition temperatures (7¢) for 
all four alloys are listed in Table 1. Because the 
transitions were dependent upon measuring cur- 
rent, and the measurements were carried out in 
the residual field (~ 200 G) of the electromagnet 
used for the Hall measurements, the transition 
temperature values listed in Table 1 are only ap- 
proximate and correspond to the temperatures at 
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Table 1. Compositions, dimensions, lattice parameters and superconducting 
transition temperatures (resistive) of metastable y-phase uranium alloy 
samples. 


Lattice parameter 


(A) 


3-44 
3-40 
3-39 


Dimensions 
(mm) 


Sample 





32 x 8 x 0-289 
32 x 8 x 0:356 
32 x 8 x 0-264 


U-11:6 a/o Mo 
U-21:-7 a/o Mo 
U-30-5 a/o Mo 


U-22:2 a/o Nb 


which the resistivities dropped to one-half their 
normal values for the smallest measuring current 
density (~ 4 A/cm?). Despite these uncertainties 
the temperatures listed in Table 1 are in fairly 
good accord with those obtained by CH, using the 
more reliable magnetic-moment-measurement 
technique. The transitions were unusually narrow 
(a few hundredths of a degree wide) for alloys 
despite the broadening effect of the residual field 
of the magnet. Narrow transitions are usually 
associated with very homogeneous, strain-free 
samples, while the metastable y-phase alloys are 
undoubtedly highly strained. 
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Fic. 5. Magnetic-field-induced superconducting transi- 
tions for a metastable y-phase uranium alloy containing 
21:7 a/o Mo. This is typical of the 30°5 a/o Mo and 
22-2 a/o Nb samples as well. 


Each alloy was restored to the normal state at 
several temperatures by the application of a mag- 
netic field. The results for the 21-7 a/o Mo sample 


24 X 3:2 x 0°275 


3°45 


appear in Fig. 5 and are typical of the 30-5 a/o Mo 
and 22-2 a/o Nb samples as well. The character of 
the magnetic transitions for the 11-6 a/o Mo alloy 
was different, as illustrated in Fig. 6. In all in- 
stances, hysteresis effects were almost negligible, 
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Fic. 6. Magnetic-field-induced superconducting transi- 
tions for a metastable y-phase uranium alloy containing 
11-6 a/o Mo. 


the transitions were strongly dependent upon mea- 
suring current, and unusually high magnetic fields 
were required for the restoration of the normal re- 
sistance. The latter circumstance explains the good 
agreement between the values of 7; obtained by 
CH and the values obtained in the presence of a 
fairly sizeable residual field in the present investi- 
gation. The apparent large critical fields are in 
keeping with the commonly accepted belief that 
small filaments of material may remain super- 
conducting at fields which destroy superconduc- 
tivity in the main bulk of the sample. 


4. DISCUSSION 
Although the results obtained in this study fail 
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to provide a satisfactory explanation for the un- 
usual electrical-resistivity behavior of the y-phase 
alloys, the data do provide a basis for criticism of 
various proposed explanations. One such explana- 
tion is LoasBy’s suggestion) that the electrical 
resistivity might be explained on the proposition of 
an electron-overlap condition in which more energy 
states become available for conduction electrons as 
the temperature and the population of a second 
zone are increased. Such a condition would most 
likely lead to a strong temperature-dependence of 
the Hall coefficient in contrast to the behavior of 
three of the alloys studied herein. 

CH@2) have proposed a possible explanation 
based on the assumption of a broad, low density- 
of-states band and a narrow overlapping band 
characterized by a high density of states which 
varies rapidly with energy at the Fermi level. 
According to this explanation, the current is 
carried mainly by the broad-band electrons, the 
relaxation time for these electrons being inversely 
proportional to the density of states for the narrow 
band. H. Jones™®) has derived an expression for 
the temperature-dependence of resistivity for such 
a situation in terms of the slope and the curvature 
of the density-of-states curve for the narrow band 
at the Fermi level. As pointed out by CH, these 


parameters could have values in the y-phase which 


would account for the observed resistivity be- 
havior. However, such parameters would lead to a 
strongly temperature-dependent relaxation time 
for the broad-band electrons and a correspond- 
ingly strong temperature-dependence of the Hall 
coefficient, in contradiction with observation. 

On the more constructive side, the present in- 
vestigation has indicated that, despite recognized 
difficulties in the interpretation of Hall data, the 
sensitivity of the Hall effect to details of the elec- 
tronic structure is of considerable value in studies 
of the y-phase alloys. It now appears that uranium 
and molybdenum contribute to the electronic 
structure in much the same manner in the y-phase 
alloys, whereas niobium contributes in a slightly 
different way. Furthermore, the unusual resistivity 
behavior appears to be insensitive to details of the 
electronic structure, arising instead because of 
some gross characteristic common to the b.c.c. 
phases of all the systems U-Mo, U-Nb, U~-Zr, 
Ti-Nb, Ti-—Mo, and Ti-V. Because all of these 
alloys involve transition metals, it is natural to 
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suspect a magnetic effect such as the spin-disorder 
electron-scattering effect recently reviewed by 
Cotes”), Unfortunately, on the assumption of 
Mathiessen’s rule (which might not be justified), it 
would not be possible to account for the negative 
temperature coefficient with a _temperature- 
independent spin-disorder contribution. On the 
other hand, the importance of localized spin states 
in relation to resistivity, superconductivity and 
ferromagnetism has recently been clarified to such 
an extent(!8-20) that it is reasonable to suspect that 
further developments in this direction might re- 


solve the y-phase problem. 


Acknowledgements—The contributions of R. CHANG and 
J. D. McCLELLAND in the preparation of samples are 
gratefully acknowledged. I am also indebted to D. B. 
BowEN for suggesting these alloys as fruitful subjects for 


study. 


Note added in proof: Recent measurements by R. R. 
Hake, D. H. Lesiie and T. G. BERLINCOURT on b.c.c. 
alloys of the Ti—Mo system have revealed electron trans- 
port properties qualitatively very similar to those re- 
ported above for b.c.c. uranium alloys. One sample (18-3 
atomic per cent Mo) exhibited zero resistance at 1:2°K 
in a magnetic field of 30 kG for a measuring current den- 


sity of 34 A/cm?. 
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Abstract—Measurements of the change in electrical conductivity of evaporated metal films caused 
by chemisorption on the surface are described. The quantitative results have made it possible to 
draw certain conclusions as to the effective valency of the metal surface atoms and the number of 
bonds formed for each adsorbed molecule. These conclusions are in agreement with the information 
obtained from the total number of adsorbed molecules per cm? of true surface area at full coverage. 
In agreement with the experimental results of other investigators, a change in bond type for hydrogen 


on iron and nickel at higher coverages is found. 


1. INTRODUCTION 
THE study of chemisorption phenomena on eva- 
porated metal films of high purity has provided 
much valuable information on the fundamentals of 
chemisorption. 

Besides accurate data about the strength of the 
chemisorptive bond as a function of relative 
coverage,“»2) more information about the nature of 
this bond has been gained by studying the change 
in metallic properties of the adsorbent as a result of 
the chemisorption process. The direction and the 
strength of the dipole moment of th2 bond have 
been determined from measurements of the change 
in the thermoionic work function, or the photo- 
emission, of the metal.@-7) These data, combined 
with magnetic measurements on bulk catalysts, 
give strong evidence for the highly covalent char- 
acter of the bond.) In addition to these metheds, 
measurements of the changes in electrical con- 
ductivity of the metal film have also been applied 
to the study of chemisorption phenomena, 9-10) 
but quantitative data were still lacking. 

The present paper reports quantitative results 


so far obtained with titanium, iron and _ nickel 


films, and such conclusions concerning the chemi- 
sorptive bond formed and the structure of this 
type of metal film as can be drawn frcm the 
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results. Part of this work has already been pub- 
lished in preliminary form.@)) 


2. EXPERIMENTAL 

As the experimental set-up was only very briefly 
treated in our first paper, a more detailed descrip- 
tion is given here. 

The apparatus is shown schematically in Fig. 1. 
The main high-vacuum line is evacuated to 
10-5-10-6 mm Hg by a fast mercury-diffusion 
pump, backed by a rotary oil pump. To this 
vacuum line are connected two glass mercury- 
diffusion pumps, (P; and P2), which can be baked 
out periodically. The whole apparatus is provided 
with mercury cut-offs instead of normal stop- 
cocks. The essential part of the apparatus (in Fig. 
1 surrounded by a dotted line) was heated at 300- 
400°C during the pumping period. Pumping was 
continued for one week (day and night), during 
which time the metal wire was heated electrically 
close to the sublimation temperature and periodi- 
cally reduced with very pure hydrogen (drawn from 
the palladium thimble) to remove oxide impurities. 

At the end of the pumping period the pressure 
was 2-5x10-’ mm Hg (with the apparatus still 
hot). Cooling and inserting the second cold trap 
into a cooling bath (liquid nitrogen or solid 
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CO>~-acetone) gave a further decrease in pressure to 
0-5-1-0 x 10-7 mm Hg. 

Then the metal wire* was evaporated on the 
wall of the vessel, which was cooled in liquid 
nitrogen (the geometrical surface area of the film- 


covered wall amounted to ~ 120 cm?). The eva- 
poration process was followed by measuring the 
resistance of the film between the two thin 
platinum wires fused opposite each other along the 
whole length of the vessel wall and connected to a 
Wheatstone bridge via two tungsten-glass seals (see 
insert Fig. 1). 

Evaporation was stopped as soon as the film re- 
sistance reaches a value of a few ohms. 

The conductivity (A) of the films is metallic, and 
decreases when the film is warmed up to room tem- 
perature; immediately after this temperature has 
been reached, a slow irreversible increase sets in. 
This increase is due to sintering of the film and 
stops after a few hours. We always stabilized the 
films at room temperature over at least one night. 
After this time the conductivity is constant and 
changes with temperature in a reproducible way. 





* The spectroscopically pure iron and nickel wires 
(diameter 05mm) were obtained from Johnson, 
Matthey and Co. Ltd., London. The titanium wire of 
the same purity (diameter 0-3 mm) was obtained from 
Hereaus, Hanau, Germany. 














a 


The accuracy of the conductivity measurements is 
better than 0-1 per cent. 

All volumes are calibrated with pure helium. 
Known amounts of adsorbate were introduced 
with the two McLeod manometers. The pressure 
in the adsorption vessel can be determined with the 
ionization manometer. This pressure is mostly less 
than 10-6 mm Hg, but for the higher equilibrium 
pressures (indicated numerically in the figures) 
thermal-flow corrections were applied, using the 
method of BENNETT and 'TompKINs 2), 

The surface areas of the films were determined 
by the BET method, sometimes before, sometimes 
after the chemisorption measurements, using 
xenon as adsorbate at —183°C. For the surface 
area of a xenon atom, a value of 22:3 A2 was ac- 
cepted. 


3. RESULTS AND DISCUSSION 

Figs. 2-6 give the experimental results for the 
chemisorption of various gases on titanium, iron, 
and nickel films. In all graphs the relative change 
in the electrical conductivity (AA/Ao) is plotted 
against the number of adsorbed molecules per mg 
film weight. In each case the conductivity at first 
decreases linearly with the number of chemisorbed 
molecules. Later, a bend in the curve, or even an 
increase in conductivity, is sometimes noted. 
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NO" mole/mag Ti) 


Fic. 2. 


First let us consider the initial straight parts of 
the curves; from the slope of these the influence 


on the conductivity per chemisorbed molecule can 
be derived. As the conductivity is a bulk property 
of the metal, it is easy to make this derivation also 


Fic. 3. Chemisorption of CO on evaporated iron film 
0 77°K; @ 195°K. 


relative to the total number of metal atoms present 
in the film. Thus we calculate the factor « given by 


AA - 
-N/ngq 


in which WN is the total number of metal atoms 
present in the film and mg is the total number of 
adsorbed molecules. The values of « for the various 
cases investigated are given in Table 1. 
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mole H> x10'?/mg Fe 


Fic. 4. Chemisorption of hydrogen on evaporated iron 
film. 0 77°K; x 195°K; @ 273°K. 
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Fic. 5. Hydrogen on nickel at 77 and 273°K. 
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Fic. 6. CO at —196°C on nickel films. 
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Table 1. Values of « 


_ _ . 
| Film weight 
(mg) 


| 


Metal | Adsorbate | 


Temp. 





He } 1: 10-6 
10-1 
7:9 








10:5 19-5 
See Fig. 5 








* Average of 3-80 and 3-35. 


The values of « found experimentally are all of 
the order of unity. This very simple result means 
that by the formation of chemisorptive bonds the 
fractional decrease in the electrical conductivity 
roughly equals the fraction of the total number of 
metal atoms involved in the formation of these 
bonds. 

Similar results for the sorption of hydrogen in 
various metals are already known from the litera- 
ture.(3) SreverT showed that in a number of cases 
an increase in resistivity proportional to the amount 
of hydrogen taken up is found, and he calculated a 
proportionality factor K, which is directly com- 
parable with the parameter « introduced here. The 
surprising result of the present investigation is, 
however, that, although the influence of a chemi- 
sorption is restricted to the surface of the metal, its 
effect is apparently equal to that of sorption in 
the bulk metal phase. In particular the results for 
hydrogen on titanium are of special interest in 
this connection. This metal is known to take up 
considerable amounts of hydrogen. From an 
estimate of the adsorptive capacity of the surface 
(see later), it is clear that even at liquid-nitrogen 
temperature this film takes up many more hydro- 
gen molecules than could be chemisorbed on the 
surface. Nevertheless, the conductivity curve did 
not show any special indication of a transition from 
adsorption to sorption. 

It cannot be demonstrated unambiguously if and 


where this transition occurs. So one could assume 
that the value of « found for hydrogen on titanium 
is the result of a mixed phenomenon over the 
whole range studied. The fact that this value is of 
the same order as that found for other gases on 
titanium and for hydrogen on other metals, where 
it is certain only chemisorption occurs, remains a 
strong indication that the effects of surface bonds 
and bonds formed in the bulk of the metal have an 
equal influence on the conductivity. 

The experimental results for chemisorption 
would be trivial if the metallic film could be re- 
garded as a homogeneous plate-like structure. The 
decrease in thickness of the conducting phase 
would then equal the fraction of the metal atoms 
involved in the chemisorption bond if the metal 
atoms occupied lost their metallic character. This 
picture must be rejected, however, in the light of 
what is known about the structure of these evapor- 
ated films. This knowledge may be summarized as 
follows: 


(1) From all adsorption studies published, it 
appears that the real surface area is 10-50 times 
that of the geometrical surface area. The films have 
a porous structure, and the surface area per unit 
weight is independent of the film thickness. 


(2) The electrical resistance of the pure film is 
much greater than that calculated from the known 
specific resistance of the metal and the dimensions 


of the film. 


(3) Electron-diffraction diagrams show the nor- 
mal pattern of the metal, but all reflections are 
greatly broadened. There are no indications that 
certain reflections show more marked broadening 
than others. Electron-microscopic photographs of 
replicas of the film show a granular structure. (Our 
own photographs are in complete agreement with 
those published by SACHTLER et al.(4)) 


All these facts strongly suggest that an evapor- 
ated film must be considered as a porous agglo- 
merate of small metal crystals, which are sintered 
to such an extent that the contact resistance be- 
tween the particles becomes negligible. 

A value of « ~ 1 for films of irregular dimension 
for which the resistance is concentrated in the 
region of small cross-section, can be understood 
only if the contribution of one given metal atom to 
the electrical conductivity extends over a distance 
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of a few hundred A or more.* It seems reasonable 
to assume that this distance is of the order of the 
free-path length of the conduction electrons. How- 
ever, the temperature coefficient of the resistance of 
the films, which is comparable with the tempera- 
ture coefficient of the bulk metal, suggests that the 
free-path length is still smaller than the particle 
dimension. 

It seems that the formation of the chemisorptive 
bond causes entrapment of valency electrons con- 
tributing normally to the conduction band. Obvi- 
ously this does not mean that the electrons are 
extracted from the metal. The formation of a 
covalent bond, which may be polarized in either 
direction, traps one valency electron of the metal, 
thus always causing a proportional decrease in con- 
ductivity. In this connection it is interesting to 
note that ORIANI ef al.“5), from measurements of 
the nuclear magnetic resonance of hydrogen in 
vanadium, tantalum and palladium, concluded 
that a covalent bond exists between the hydrogen 
and the metal atoms, contrary to the current view 
that the hydrogen is dissolved as protons in the 


metal. 


4. QUANTITATIVE ASPECTS 

Although the accuracy of the « values is not very 
high, an attempt may be made to derive more 
quantitative conclusions from the experimental 
values obtained. 

We assume again that every metal atom con- 
tributes an equal amount to the conductivity, 
irrespective of whether it is situated on the surface 
or in the bulk. Chemisorption destroys this con- 
tribution. We designate by y the number of chem- 
ical bonds per metal atom necessary to destroy this 
contribution completely. So y may be put equal to 
the effective valency of a metal atom in the metal 
lattice (= number of valency electrons per metal 
atom). If we further define X as the number of 
chemical bonds formed per adsorbed molecule, it is 


ted in the “‘necks’’ between the particles, only the mole- 
cules chemisorbed in the “‘neck sites’’ will influence the 
conductivity. In that case, however, the value « = 1 can 
only be understood if the improbable assumption is made 

number of surface sites 


that the ratio ‘ 
number of bulk atoms 


for the necks is 


equal to that for the total film. 


clear that 


Consequently, the value of « depends on two 
parameters, the first (y) of which is determined by 
the characteristic properties of the metal phase, 
whereas the second (X) depends primarily on the 
chemisorbed molecule, though it is probably in- 
fluenced also by the geometrical properties of the 
metal surface. 

As to hydrogen, it is most likely, and in agree- 
ment with all experimental evidence, that the mole- 
cule, at least at lower coverages, dissociates in the 
chemisorption process so that two covalent bonds 
are formed per molecule, thus Xy, = 2. 

This leads us to the assumption that the y values 
for titanium, iron and nickel are 1-9, 0-9 and 0°75, 
respectively. The values of Xco and X¢,n, for the 
different metals can now be calculated (see Table 
2). 

These results indicate that the bonding of a CO 
molecule involves the formation of more than two 
bonds for all the metals investigated, whereas for 
CoH, at least four bonds are formed per molecule. 


Table 2. Values of X 











Ti Fe Ni 
He 2:0* 2-0* 2:0* 
CO 2°56 2°45 2°65 
CeHa 4-20 _ 


* Assumed values. 


The latter conclusion is in good agreement with 
the experimental results of JENKINS and RmpEAL“®) 
for CoH, on nickel. These authors showed that the 
ethylene molecule dissociates during chemisorp- 
tion to form a acetylenic compound 


H H 


C=C 


bonded to two metal atoms plus two hydrogen 
atoms each occupying one metal atom. The forma- 
tion of about 2:5 bonds for one CO molecule is not 
so easy to understand. It might indicate that a few 
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CO molecules are bonded in a configuration in 
which also the O atom has formed a bond with the 
metal atom, as was supposed by TRAPNELL(?), 
EISCHENS 18), however, did not find an indication 
of this type of bond from infrared-absorption 
studies of CO chemisorbed on nickel and platinum. 

Another possibility is that a small contribution 
of bonds of the type 

O 


| 


C 
ie 


is the cause of the value X = 2-5 found experi- 
mentally. 

At higher coverages both the lines for CoH, on 
titanium and for hydrogen on iron and nickel show 
a distinct change in bond type. Before discussing 
these effects, the difficulty of defining the surface 
coverage in absolute terms has to be dealt with, 
however. As was said above, the surface areas of 
the various films were estimated from the physical 
adsorption of xenon at —183°C. These measure- 
ments were made after completion of the chemi- 
sorption experiments. In agreement with the 
literature, a constant surface area per film weight 
was found for the different preparations, viz. 


titanium 245+15 cm?2/mg 
nickel 145+25 cm?/mg 
iron 400+30 cm?/mg 


In some cases the surface area was measured also 
before the chemisorption experiments—and in- 
cidentally the same phenomenon was observed as 
was noted by KLEMPERER and STONE9)—namely 
an appreciable decrease in surface area during 
chemisorption, probably caused by sintering of the 
film owing to the evolution of the high heat of ad- 
sorption. We believe that this is also the cause of 
the scattering of the conductivity measurements 


(Fig. 6). 


Titanium 
In the case of titanium the main planes of the 
crystal lattice have the following surface densities: 
(1010) and (0110) 0-72 1015 atoms/cm? 
(0011) 1-35* x 1015 atoms/cm? 
(1130) 0-84 1015 atoms/cm? 





*In our preliminary publication!) we erroneously 
gave a number of 1:15 x 105 atoms/cm? for this plane. 


From a comparison of the number of adsorbed 
molecules with the surface area, it follows for both 
CO and C2H, that the ultimate coverage is of the 
order of 0-85x1015 molecules/cm2, so that the 
number of adsorbed molecules per site is of the 
order of one. 

This means that at least the greater part of the 
CO molecules will be held on the surface as shown 
below: 

O 2 O 
a = - 
| ae ee 
a Ti Ti Ti 

This is in agreement with there being two bonds 
available per titanium atom (y = 1-9), with a small 
contribution of multiple bonds as stressed above. 
The bend in the CoH, curve demonstrates that the 
second part of the ethylene molecules adsorbed 
form many fewer bonds per molecule than the first 
part. Probably, these are bound on the sites already 
covered with hydrogen atoms forming 


HeC CHe 


} 
HeC CHe 
| 
oe yp 
groups, as were observed on nickel by E1scHens. 8) 


Tron 
For iron the variation in density of the different 
crystal planes is much higher, viz. 
(111) 0-73 x 1015 atoms/cm? 
(100) 1-2 x10! atoms/cm? 
(110) 1-7 x 1015 atoms/cm? 


From a similar calculation to that described 
above, it appears that the number of chemisorbed 
CO molecules per cm? at —196°C agrees fairly 
closely with the site density of the (111) plane. 
Preferential orientation of the surface in this direc- 
tion is highly improbable, however, as was shown 
by SACHTLER et al.“4) so that the agreement seems 
to be fortuitous. It appears therefore that CO on 
iron is bonded in configurations such as 


O O 
C 
Fe ‘Fe 


in agreement with the lower value of y. 
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In the case of hydrogen a reversal of the con- 
ductivity effect is observed at higher coverages. 
This effect, which is also found on the nickel films, 
is in complete agreement with the analogous ex- 
periments by SACHTLER®® and by SUHRMANN®), 
while studies on the change in the thermoionic 
work function by chemisorption revealed the same 
effect. Our results indicate that the curves in- 
cline to return symmetrically to a point AA = 0 
when the amount of adsorbed hydrogen molecules 
equals the number of CO molecules on the same 
area. This apparently means that the hydrogen can 
be bonded in two distinct ways on iron or nickel. 
The first one clearly consists of covalently bonded 
hydrogen atoms. As soon as the coverage with H 
atoms has increased to such an extent that the 
heat of adsorption has decreased considerably, a 
second type of bonding becomes more favourable 
thermodynamically and starts gradually to replace 
the former one. This second type of bonding ap- 
parently does not involve conduction (i.e. valency) 
electrons. MIGNOLET, who treated this problem 
extensively, is of the opinion that chemisorbed 
Ho»* ions are involved here. He demonstrates that 
mixing of the two bond types occurs earlier at the 
higher temperatures owing to entropy contribu- 
tions; this has been confirmed by our experiments. 


Nickel 

With nickel films the same reversal effect is 
found, although not so clearly as with iron films. 
The main reason for this is likely to be that the 
surface area of the nickel films is much smaller, so 
that the measurements at higher surface coverages 


become more and more ambiguous. From the 


same comparison of the amounts adsorbed and the 


surface densities of the crystal planes, viz. 


(100) 1-61 x 1015 atoms/cm? 
(110) 1-14x 1015 atoms/cm? 
(111) 1-87 x 101 atoms/cm? 


it will appear that the surface coverages both for 
CO and hydrogen are less than for the other metals. 
For CO a coverage of about 0-37 CO molecule/site 
is found. This is in agreement with the lower value 
of y found for this metal. 

The explanation of the reversal effect found for 
hydrogen on iron and nickel by the formation of 
H2* ions on the surface involves the assumption 
that the complete ionic type of bonding in which 
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an electron is transferred to the metal does not 
change the conductivity of the film. In this case no 
valency electron of the metal is involved, whereas 
the electron transferred from the molecule to the 
metal does not contribute to the conductivity, be- 
cause of its immobilization by the positive counter- 
ion. So, contrary to the views often held, we con- 
clude that the formation of covalent bonds, 
polarized in either direction, or the formation of 
negative ions on the surface will always decrease 
the conductivity of the metal phase, whereas the 
conductivity will remain unchanged by the forma- 
tion of positive ions. 

In this connection it is interesting to note the 
experimental results of BONFIGLIOLI et al.(2® who 
measured the conductivity of evaporated gold and 
antimony films as a function of the charge on the 
metal, which was varied by applying strong electric 
fields at the surface. These investigators found a 
linear dependence of the conductivity in both 
directions. Obviously, in this case, transferred 
electrons, though confined to the surface, are free 
and are not trapped by positive counterions as in 
the case of chemisorption in the form of positive 
ions. It is a pity that, owing to lack of data, a figure 
comparable to our «, but calculated with the num- 
ber of electrons transferred instead of the number 
of molecules adsorbed, cannot be obtained with 
fair accuracy, but a rough estimate points to a 
value of the order of « = 4.* 
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Abstract 


A B.C.S. type of theory (see BARDEEN, CooPER and SCHREIFFER, Phys. Rev. 108, 1175 


(1957)) is sketched for very dirty superconductors, where elastic scattering from physical and 
chemical impurities is large compared with the energy gap. This theory is based on pairing each 


one-electron state with its exact time reverse, a generalization of the k up, 


k down pairing of the 


B.C.S. theory which is independent of such scattering. Such a theory has many qualitative and a 
few quantitative points of agreement with experiment, in particular with specific-heat data, energy- 


gap measurements, and transition-temperature versus impurity curves. Other types of pairing 


which have been suggested are not compatible with the existence of dirty superconductors. 


OnE of the most striking experimental facts about 
superconductivity is that it is often insensitive to 
enormous amounts of physical and chemical im- 
purities. For one example, several substances in 
essentially an amorphous state have been shown to 
be superconductors, such as bismuth and bery]l- 
lium films laid down at liquid-helium tempera- 
tures.) As another example, there are disordered 
alloy systems with 20-50 per cent of chemical 
scattering centers, but with transition tempera- 
tures comparable with those of pure elements.) 
These quantities of crystal imperfections are large 
enough 


rapid rate. In fact, if we were to take the mean free 


to scatter the electrons at an extremely 


time before scattering for the electron as a mea- 
sure of the electrons’ uncertainty in energy, that 
uncertainty in energy is large compared not only 
with the energy gap eo, but with the Debye energy 
hwp. Plane-wave states for the electrons definitely 
have this very large degree of energy uncertainty. 

On the other hand, the experiments of SERIN et 
al.) have shown that, starting with a pure single 
crystal of a superconducting material, there is 
usually a rather sharp initial drop in the super- 
conducting transition temperature as the first 
small percentage of chemical imperfection is added. 
They show that this initial drop is proportional to 
the extra resistivity caused by these imperfections, 
and therefore proportional to the amount of scatter- 
ing. If the impurities which are introduced are 


magnetic ions rather than ordinary chemical im- 
purities, Matruias et al) have shown that this 
initial sharp drop continues, and superconductivity 
is very soon destroyed. On the other hand, for 
ordinary impurities the sharp drop stops rather 
soon and is replaced by a more gradual behavior, 
which seems to be determined primarily by the 
fact that the impurity adds or subtracts electrons 
from the band, changes the density of states, and 
in various ways gradually varies the parameters of 
the free electrons. Thus we may divide super- 
conductivity into two regions: (1) the region of 
relatively pure superconductors where scattering 
has a rather sharp effect on superconducting 
transition temperatures; and (2) the region of very 
imperfect superconductors, where additional scat- 
tering has very little effect. It is the purpose of the 
present paper to give a theory of this region of the 
‘dirty’? superconductor. 

The fundamental assumption we will make is 
that in this region the problem of the electron wave 
functions is best solved by first diagonalizing the 
scattering interaction between the electrons and 
the impurities, and then calculating the phonon 
interactions between electrons. Finally, one cal- 
culates from this the superconducting properties. 
That is, we find a new set of one-electron wave 
functions for the electrons, and then solve the 
problem of the interactions of the electrons in 
terms of these, rather than in terms of ordinary 
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plane-wave functions, such as are appropriate in 
the region of the pure superconductor. All of this, 
of course, assumes that the scattering is perfectly 
elastic, as it is from any form of chemical or 
physical imperfection. (At the low temperatures 
where superconductivity is important, inelastic 
phonon scattering does not play an important 
role.) So what we do is simply to assume that 
somebody has solved for us the extremely difficult 
problem of the wave functions of the electrons in 
the presence of the scatterers, and write down the 
resulting wave function y%»p,: 


Ing = > (nl bt, (1) 


where ¢x, are the Bloch waves and (n|k) the unitary 
transformation solving the scattering problem. 
(We give ¢» a spin index o; this may not be valid 
in heavy elements because of spin-orbit coupling, 
but the theory is still valid there.) 

The basic observation which we make is that if 
um, is such an exact one-electron wave function in 
the presence of scatterers, and if the scatterers are 
nonmagnetic, the time-reversed wave function, 
(in )*, is also an exact wave function of the one- 
electron Hamiltonian. What is more, (z»,)* has 
the same energy as yn, itself. We shall call this 
energy E,. The time-reversed wave function 


(Un,)* is: 


(Yne)* = > (nl)*b-t- (2) 


k 


Now, having the correct one-electron wave func- 
tions, we proceed to derive the phonon interaction 
between these electrons. It is not at all correct 
simply to transform the B.C.S. interaction ©) 
directly into the interaction between these new 
wave functions %,,,; the reason for this is that %n, 
contains plane wave functions which have quite 
different energies, and in particular, in the pre- 
sence of strong scattering contains wave functions 
from outside of the region where the B.C.S. elec- 
tron interaction is attractive. Therefore, this 
method would lead us to the conclusion that the 
interaction between electrons is altered rather seri- 
ously. Actually, it is correct instead to write down 
the interaction between these new scattered- 
electron wave functions and the phonons, and then 
to do the second-order perturbation theory which 
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gives us the interaction between the electrons 
caused by the phonons. When the calculation is 
done this way, the energy denominators in the 
second-order perturbation theory contain the 
energies not of the initial plane-wave states, E,, but 
rather the energies E,, of the scattered one-electron 
states. Whether or not the interaction is attractive 
depends primarily on what these energy deno- 
minators are. Therefore, we find that the attrac- 
tiveness or not of the interaction is now a function 
not of Ex, the energy of the plane-wave states, but 
of En, the energy of the scattered-electron states. 
Without going into excessive detail, we simply 
write down the part of the interaction which 
corresponds to the B.C.S. truncated Hamil- 
tonian :() 


yf? a > 4 *, _* : 
HK rea, = = J nnn Cn C-n€n’, 


n,n’ 
) nn’ > 


kk’ 


|(n|k)|?|(n’|R’)|?| My- |" hwp- k 
(icon _4~)°—(En—En)? 


Here cy,* and c_»* are creation and destruction 
operators for electrons in state %p, and (%p,)*, 
My_x’ and fiw, »’ have the usual meaning, and 
(n|k) is defined in equation (11). 

This interaction is summed over all the plane 
wave functions which are contained in the scat- 
tered function n, with a coefficient which is given 
by the square of the amount of the state contained 
in the state nm. Normalization requires the following 
equation: 


(4) 


Because of equation (4), if the parameters entering 
in the interaction were constants, as was assumed 
by B.C.S., the interaction would be exactly the 
same for the scattered state as it was for the plane- 
wave state. As it is, the interaction is not a con- 
stant, but at best only roughly so, and expression (3) 
picks out of the total interaction only the constant 
part. That is, the interaction (3) is strictly the 
average interaction over all the states going to make 
up the scattered state m. Since the states which 
make up this scattered state are, at least under con- 
ditions of strong scattering, taken more or less 
randomly from all the regions of the Fermi sur- 
face, we conclude that the interaction will be (aside 
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from a smooth energy dependence) a constant, 
averaged over the entire Fermi surface. 

The rest of the interaction, the part which was 
removed in the truncated Hamiltonian of B.C.S., 
is changed in a very radical way. In the pure sub- 
stance the rest of the interaction can be thought of 
as an interaction between pairs which do not have 
exactly zero total momentum but rather some 
finite momentum. However, under conditions of 
strong scattering this part of the interaction does 
not take this form at all; each individual matrix 
element is smaller by a number of the order of the 
total number of electrons. This is because the 
momentum selection rule no longer holds, so that 
there is no reason why any individual matrix ele- 
ment should vanish. This increases the total num- 
ber of matrix elements and must therefore decrease 
their magnitude. Thus, in the scattered state the 
B.C.S. part of the interaction, or rather the trans- 
formed B.C.S. part, plays a much more obviously 
unique role than it does in the pure supercon- 
ductor. 

One final comment about this 
obviously if the scattering is strong enough the 
have followed, of first 


interaction: 


procedure which we 


diagonalizing the one-electron Hamiltonian in- 


cluding scattering, and then introducing the 
electron-phonon interaction and the interaction 
between the electrons which results from it, is 
correct. When we ask the question: at what degree 
of scattering is this no longer the correct procedure ? 
the first guess would be that one should find some 
average amount of electron-phonon interaction 
and when the scattering becomes less than that the 
procedure is no longer correct. However, it is 
fairly easy to convince oneself that this is not the 
correct way, but that the diagonalization of the 
one-electron part of the Hamiltonian is correct at 
very much smaller amounts of scattering. As a 
matter of fact, the procedure we have followed 
seems to be correct until the actual interaction 
between the electrons caused by the electron— 
phonon interaction begins to come in to play. That 
is, it is correct until A/r becomes comparable with 
the energy gap, which is a reasonable measure of 
the electron-electron interaction. This is, in fact, 
the experimental criterion for the transition from 
the region of strong scattering, as here defined, 
to the region of weak scattering.) 

Now we shall draw some physical conclusions 


ANDERSON 


from these ideas. First we should observe that it is 
possible to solve the B.C.S. integral equation and 
derive a theory of superconductivity just as well asin 
the new situation with the new averaged interaction 
and the scattered wave functions wy as it was in the 
old situation with the old interaction and the 
plane-wave functions %,. A general result, which is 
fairly easy to prove, is that the energy gap, and 
therefore the transition temperature, will always 
be slightly smaller for the scattered states than 
they would be in the pure case, essentially because 
the average taken in the scattered case is not as 
favorable as one gets in the pure case. This ex- 
plains why it is that in the pure superconductor 
region the transition temperature drops so radic- 
ally, and yet stops dropping after one gets into the 
region of strong scattering; and at the same time it 
explains why this drop is relatively small, because 
one does not expect the difference between the two 
energy gaps to be very large. Thus, we see that 
these ideas explain fairly satisfactorily the general 
features of SERIN’s results. It is also clear that 
when the time-reversal transformation cannot be 
made, that is, when the energy of the state wy is not 
the same as the energy of %_n, all this cannot be 
done, and the transition temperature will continue 
to drop as the degree of magnetic scattering in- 
creases. 

An interesting question is what size of particles 
and at what degree of scattering will super- 
conductivity actually cease. The first point is that, 
as long as the particle size remains fairly large, no 
quantity of scattering which leaves the substance a 
metal would seem to be capable of actually destroy- 
ing superconductivity, because the average which 
is taken over the Fermi surface does not depend in 
any important way on the actual amount of scatter- 
ing. On the other hand, on reducing the particle 
size, we will begin to get to the point at which the 
scattered wave functions y%», have energies Ey 
which are separated by discrete energy gaps. That 
is, their energies must extend over something like 
the total Fermi energy, which is about 10 eV; and 
if there were only about a thousand electrons, that 
would mean that the energy differences between 
the states would be of the order of 0-01 eV. With 
such energy differences among the Ey, supercon- 
ductivity would no longer be possible; in fact, it is 
fairly easily seen that the energy differences must 
be less than the energy gap. That means that 
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particles with fewer than about 104-105 electrons 
will begin to be affected. So far no experiments are 
reported on particles of this order of magnitude of 
size, although the particles used in RErF’s nuclear- 
resonance experiments are beginning to approach 
this point. 

Another conclusion is that the B.C.S. theory in 
its original form, assuming a constant interaction, 
will be more nearly correct in the dirty super- 
conductor region that it will be for pure super- 
conductors; that is, in the impure superconductors 
the interaction is relatively a constant, and there- 
fore the energy gap itself will be a constant and the 
thermal and other results of B.C.S. should be 
nearly exact. On the other hand, in pure single 
crystals of superconductors, one can very quickly 
show that the energy gap will be a strong function 
of the momentum vector on the Fermi surface, be- 
cause most superconductors have fairly compli- 
cated Fermi surfaces, and it would be a miracle if 
the interactions were sufficiently constant to main- 
tain a constant energy gap. There are two types of 
experiments which bear on this point. One type of 
experiment is the electronic specific heat and, in 
fact, various recent experiments‘) show deviations 
from the exponential specific-heat curve of the 
B.C.S. theory in the direction which would be ex- 
pected if the energy gap were a function of position 
on the Fermi surface. Experiments on less perfect 
single crystals have shown less such deviations, as 
is to be expected. On the other hand, most of the 
direct experiments, in particular the experiments 
of TINKHAM and his co-workers‘®) on the optical 
measurement of the energy gap and the experi- 
ments of HEBEL and SLICHTER'9) measuring the 
density of states by the relaxation time in nuclear 
resonance, are necessarily undertaken in the dirty 
superconductor region. In the case of TINKHAM’s 
experiments, the measurement is necessarily made 
near a surface, while the other measurement is 
made on small particles. Therefore, neither of these 
types of experiments would have been expected to 
show any considerable anisotropy of the energy 
gap. The former do not; the structure observed in 
the latter experiments™® is probably a collective 
excitation.“1) The question of the experimental 
investigation of the anisotropy is a fascinating one 
which remains open so far as I know. Our con- 
clusion is that the recent experiments on the de- 
tailed investigation of the specific-heat curve must 
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be considered as being more of a confirmation of 
the B.C.S. theory than vice versa, because they 
show that the expected anisotropy of the energy gap 
is actually there. 

In conclusion I should like to make a number of 
acknowledgements and apologies. In the first 
place various notions about time reversal and 
superconductivity have appeared independently in 
a number of places. Most particularly, ABRAHAMS 
and WEIss at Rutgers have made similar calcula- 
tions, and BARDEEN and Martis“2) have used a 
related wave function. In the second place, the 
idea of the anisotropy of the energy gap occurred 
independently to CoopER and to PippaRD and 
HEINE“), ‘Thus, the purpose of the present paper 
is merely to summarize in a physically consistent 
way all of these ideas, and to show that there is 
good agreement qualitatively with experiments. I 
should also acknowledge interesting discussions 
with C. HERRING and H. Sun. 

A final comment is that the nucleus is itself a 
dirty superconductor in the sense that the nucleus 
is a very fine particle with only a very small num- 
ber of Fermi particles in it. Thus, it is not surpris- 
ing to find that the theory of nuclei contains a 
“pairing” concept for +-m,—m pairs@4) which 
shows very great similarity to the discussion in 
this paper. 

It is hard to see how any explanation other than 
time-reversal invariance will explain all these facts; 
in particular, the suggestions of inexact pairings or 
pairings of parallel-spin electrons advanced re- 
lative to the explanation of Knight shift results) 
certainly fail of agreement with the facts about 
dirty superconductors. It seems to the author that 
these considerations represent the strongest argu- 
ments that the theory of superconductivity must 
have some relation to zero-momentum, opposite- 
spin pairs. 
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Abstract—The Hall coefficients of dilute alloys of Mn, Fe, Co, Ni, Zn, Sn, Si and Ge in copper 
have been measured as a function of composition at room temperature and 77°K with fields up to 
10 kG. Two sets of Cu-Mn alloys have been prepared from purified manganese. In one set, special 
efforts were made to reduce the impurity oxygen content of the manganese. The dependence of the 
Hall coefficient on composition is different for the two sets, although both have a minimum near 4 
per cent manganese. For all these dilute substitutional alloys, the Hall coefficients are independent 


of magnetic field. 


1. INTRODUCTION 
IN our study of the electrical properties of copper 
alloys, we have decided to examine systematically 
the Hall coefficients of some of these alloys at 
various temperatures and compositions. While 
much work has been done on the Hall coefficients 
of alloys containing transition metals, very little 
work has been done recently on alloy systems of the 


non-ferromagnetic metals. The purpose of the 
present paper is to report the data gathered in this 
investigation and other pertinent data from the 
literature with a view to defining the problem in- 
volved in their explanation. All measurements are 
for substitutional single-phase binary alloys. 


2. SPECIMEN PREPARATION AND MEASURE- 


MENT 

The copper used in these alloys was obtained 
from the American Smelting and Refining Com- 
pany and was reported spectrographically pure. 
The Hall coefficient for pure copper was obtained 
from specimens cut from Johnson, Matthey and 
Co. spectrographically standardized copper sheet. 
The manganese, iron, cobalt and tin were also ob- 
tained from Johnson, Matthey and Co. Zinc was 
obtained from the American Smelting and Re- 
fining Company. These solute metals had a purity 
greater than 99-9 per cent. Nickel was obtained 
from Vacuum Metals Corp. and had a purity 
greater than 99-8 per cent. 

One group of alloys was made using oxygen- 
free manganese prepared in the laboratory from 


a 


Johnson, Matthey and Co. electropure manganese. 
Oxygen was removed by heating the purified 
metal under a nitrogen atmosphere and gradually 
admitting hydrogen as the metal approached its 
melting temperature. These alloys will be referred 
to as Cu-Mn(2). The alloys of copper and un- 
treated Johnson, Matthey electropure manganese 
will be referred to as Cu-Mn(1). 

The alloys were melted in vacuum or under a 
helium atmosphere, and left in the molten state 
at 1200-1250°C from 30-60 min. The molten 
alloys were agitated by hand several times during 
this period to assist in attaining homogeneity. 
Alumina or quartz crucibles were used. 

The resulting alloy ingots were rolled, etched, 
and annealed above 800°C in vacuum for several 
hours. The annealing process was repeated after a 
final rolling to a thickness less than 0-02 mm. ‘The 
thickness was convenient for measurements with 
an Ames dial thickness gauge reading directly to 
10-4 in. 

Samples approximately 65x10 mm were cut 
from the annealed alloy sheet, and contained long 
projecting Hall probes. Misalignment voltages were 
eliminated by lightly filing the probes. The probes 
were joined to annealed copper wires above the 
sample. Placing these junctions adjacent to one 
another minimized random noise and any contri- 
bution from the Ettingshausen effect. 

A 12-in. Varian electromagnet (calibrated with a 
Rawson rotating-coil fluxmeter) was used to pro- 
vide fields up to 10 kG. A primary sample current 
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of about 8 A was supplied by storage batteries, and 
measured with a mirror-backed ammeter. The 
Hall voltage was measured with a Rubicon thermo- 
free two-channel potentiometer and a _high- 
sensitivity galvanometer. 

The electrical measurements yielding the Hall 
coefficient divided by the thickness were re- 
producible to within 1 per cent. The thickness was 
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also reproducible to better than 1 per cent. Thus 
the Hall coefficients of the specimens are believed 
reproducible to better than 2 per cent. Deviations 
greater than this were sometimes found for speci- 
mens obtained from various portions of the same 
alloy, as in some of our Cu—Mn(1) alloys, for ex- 
ample. ‘The source of these variations is believed to 
be sample inhomogeneities. 


Table 1. Hall coefficients of dilute copper alloys 





po Sample boned At 300°K At 77°K 
r number —R(cm3/C) | —R(cm3/C) 
solute 
Cu 10A 0:0 5-07 5°51 
10B 0-0 5-08 5°58 
Cu-Mn (1) 11A 0-86 5-41 6°15 
11B 0-86 5-37 5-95 
12A 1-71 5-63 6°46 
12B 1:71 5-71 6°66 
13A 2:23 5-97 7:10 
13B 2-23 5-98 — 
14A 4-29 6:09 7:22 
14B 4-29 6°01 - 
15A 5-46 5:77 6°82 
15B 5-46 5-75 6°75 
16A 6°38 5:77 6°71 
16B 6°38 5-88 — 
17A 7:25 5-90 6°75 
17B 7°25 5-90 6°59 
i8A 8-46 5-89 6°65 
18B 8-46 5-87 - 
Cu—Mn (2) 21A 0:73 5-28 6:09 
21B 0-73 5-30 6°08 
22A 3-02 5-45 6°58 
22B 3-02 5-57 6°53 
23A 4-69 5-52 6°56 
23B 4-69 5-52 6°57 
24A 8°89 5-37 5-38 
24B 8-89 5-38 5-30 
Cu-Ni 31A 0-82 5: 70 
31B 0-82 5: 
32A 1:07 5: 
1- 5: 
1: 5°3 
1: 5° 
2:5 5 +3 
2°53 5-3 
5: 6°: 
5- 5: 
7: 7: 
7: 7: 
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Table 1—continued 





Atomic 
per cent 
solute 


Sample 
| number 
| 


Alloy 





At 300°K At 77°K 
—R(cm3/C) | —R(cm3/C) 





Cu-Zn 
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Cu-Co 





Cu-Fe 





Cu-Cd (2) 





Cu-Sb (3) 











Specimens for Hall measurements were cut from 
opposite ends of the rolled alloy sheet. If the Hall 
coefficients of the specimens differed by more than 
2 per cent, a measurement was made on a sample 
cut from a center portion of the alloy sheet. With 
rare exceptions, this additional sample had a Hall 
coefficient lying between the values found for the 
end specimens. The majority of the data presented 
here represent the extreme values for each alloy. 
Alloys of copper and the ferromagnetic elements 
had the least uniform characteristics. A few alloys 
which obviously were non-uniform in their Hall 
coefficients and the temperature variation of their 
Hall coefficients were discarded. 


c 





3. RESULTS 

The compositions of the alloys and the Hall 
coefficients are given in Table 1. In addition to the 
Hall-coefficient measurements, the resistivities of 
the Cu-Ni and Cu-Mn samples were measured. 
Although the sample geometry was not ideal for 
this type of measurement, the results were useful 
as an additional check on the solute content of the 
alloys. 

The impurity resistivity per atomic per cent for 
the Cu-Ni alloys agreed within 5 per cent with the 
value found by Linpe.@ The resistivity of the 
Cu-—Mn alloys made with oxygen-free manganese 
were found to be within 5 per cent of the value 
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found for other Cu-Mn alloys made in this labora- 
tory, but were about 6 per cent above LINDE’s 
value at low manganese concentrations. No con- 
sistent resistivity difference between Cu—Mn(1) 
and Cu-—Mn(2) alloys was found. However, the 
Cu-Mn(1) alloys had greater scatter in Hall 
coefficient and resistivity data as a function of 
composition than the Cu-Mn(2) alloys. 

The measurements of sample resistivity were 
considered sufficient indication that no gross 
deviations in composition occurred during their 
preparation. 

In Fig. 1 the Hall constants as a function of com- 
position at 300°K are presented for the alloys. Also 
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Fic. 1. Hall coefficients of copper alloys at 300°K as a 

function of solute concentration. Included are the data 

of RicHARDS and Evans (1) for Cu-Cd and STEPHENS 
and Evans (2) for Cu-Sb alloys. 


included are the data of RicHarps and Evans) for 
Cu-—Cd, and STEPHENs and Evans‘) for Cu-—Sb. 
The data for the Cu-Sn alloys agrees well with the 
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results of ANDREWARTHA and Evans) and FRANK‘) 
in the copper-rich region. The results for Cu-Ni 
agree well with those of FLANAGAN and AVER- 
BACH ®) and SCHINDLER and PuGH™). 

The data at 77°K are presented on Fig. 2. A 
similar temperature variation of the Hall coefficient 
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Fic. 2. Hall coefficients of copper alloys at 77°K as a 
function of solute concentration. 


for copper has already been reported by Fukuro1 
and Ixepa‘).* Our measurements of the tempera- 
ture-dependence of the Hall coefficient of copper 
indicate a monotonic decrease toward more nega- 
tive values with a decrease in temperature from 
300°K to about 4°K, in contrast to a minimum at 
about 200°K indicated by FRANK®), 





* The same temperature variation of the Hall coeffi- 
cient of pure copper is also reported in a recent paper 
by BerLincourT!®), However, the low-temperature size 
effects observed by BERLINCOURT would not be observ- 
able at 77°K and above. 
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The Cu-—Co and Cu-Fe data are omitted in these 
figures. The limited solubility of the cobalt and 
iron in copper at room temperature restricts the 
possible range of single-phase alloys of these 
metals. 

The dependence of Hall coefficient on concen- 
tration has a minimum near 4 per cent manganese 
for both Cu-Mn(1) and Cu—Mn(2) alloys. Mea- 
surements of the temperature-dependence of the 
Hall constant of the Cu-Mn(1) alloys show a 
gradual decrease with a decrease in temperature, as 
indicated by a comparison of Figs. 1 and 2. Pre- 
liminary measurements indicate that for Cu-Mn(1) 
alloys the Hall coefficient continues to decrease as 
the temperature decreases to the temperature of 
liquid helium. 


4. DISCUSSION 

The room-temperature value of the Hall coeffi- 
cient for pure copper indicates an effective 1-45 
electrons per atom. This value decreases mono- 
tonically to 1-30 electrons per atom at 77°K. These 
anomalously high values probably result from 
nonspherical energy surfaces. 

Several band models for copper have been pro- 
posed by various writers. In particular, a model 
proposed by Orson and Ropricuez” to fit 
magnetoresistance data gives values of 1-22 and 
1-09 electrons per atom respectively at 300 and 
77°K, using the experimentally obtained Hall 
coefficients at these temperatures. A value of 1 
electron per atom is to be expected from free- 
electron theory. The difference could be reduced 
by refinement of the model (the magnetoresistance 
data were also not fitted to within experimental 
error), but it is evident that energy surfaces of this 
type will explain the observed deviations from 
free-electron theory. 

The cause of the temperature variation of the 
Hall coefficient of pure copper is obscure. The 
temperature-dependence of the Fermi level and 
lattice parameter will not explain the observed 
change of about 10 per cent in the Hall coefficient 
between 77 and 300°K. 

The simple valence picture predicts the qualita- 
tive behavior of the Hall coefficient as a function of 
solute concentration with fair accuracy. Thus, 
elements such as zinc and cadmium, lying to the 
right of copper in the Periodic Table, would be 
expected to contribute electrons to the conduction 
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band, causing the Hall coefficient to become less 
negative. Elements such as nickel, lying to the left 
of copper, would be expected to remove electrons 
from the conduction band, causing the Hall coeffi- 
cient to become more negative. 

This simple approach does not explain such 
details as the initial decrease on the Hall coefficient 
of the Cu—Ge alloys, or the decrease at 77°K of the 
Hall coefficient of Cu—Zn alloys at the larger zinc 
concentrations. 

As discussed by FriepEL"?), the slope of the 
Fermi level versus solute concentration for copper 
alloys should approach zero for small concentra- 
tions of solutes near to copper in the Periodic 
Table. This is the result of the complete screening 
of the impurity potential at small distances by 
localized electrons from the conduction band. At 
small impurity concentrations, the electron den- 
sity—and hence the Fermi energy and the Hall 
coefficient—are all the same as in the pure metal. 
As shown in Fig. 1, at room temperature the slope 
of the curve of Hall coefficient against solute con- 
centration is almost zero for many solute elements 
at small concentrations. As Fig. 2 indicates, such 
an effect is not apparent at 77°K. Even at room 
temperature, however, the predicted variation in 
Fermi level with concentration is too small to 
explain the observed variation of Hall coefficient 
for higher solute concentrations. 

The effect of oxygen on the Hall coefficient of 
Cu-—Mn alloys was surprising. As mentioned pre- 
viously, no definite effect of oxygen on the room- 
temperature resistivity of these alloys could be 
observed. It would be of interest to search for 
possible effects due to oxygen on the resistivity and 
other properties of Cu-Mn alloys at very low 
temperature. 
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Abstract—The magnetoresistance of copper has been measured at 297, 78 and 4:2°K. In a trans- 
verse field of 100 kG at room temperature, the resistance increased about 4 per cent and, within ex- 
perimental error, was a quadratic function of the applied magnetic field. At the lower temperatures 
the field-dependence of the transverse magnetoresistance is considerably less than quadratic and 
approaches linearity at high fields. Considerable temperature-dependence for Kohler’s rule was 
found. Saturation of the longitudinal magnetoresistance at high fields was observed at 4:2°K. The 
change in longitudinal resistance for saturation is of the order of the initial resistance in zero field and 
was found to be independent of temperature for the range 2:0—4-2°K and of measuring current for the 
range 0-1-2-0 A. The ratio of the transverse to the longitudinal magnetoresistance of a specimen was 
found to be a linear function of the applied field. These new features of magnetoresistive behavior can 
serve to stimulate the development of an adequate theory of longitudinal and transverse magneto- 


resistance. 


1. INTRODUCTION 
AN estimate of the magnetoresistance of copper at 
room temperature was made by KapitTza®), who 
also obtained measurements of the transverse 
effect at liquid-nitrogen temperature, using pulsed 
fields. Measurements in these intervals for fixed 
applied fields were not available for comparison. 
These measurements have now been made and the 
data are presented in this report. 

Recent measurements at liquid-helium tem- 
peratures(?-5) give qualitative confirmation of 
Kohler’s rule; however, the form of the field- 
dependence of the magnetoresistance at large 
applied fields and for large temperature changes 
was not well established, and the dissimilarities 
between the longitudinal and transverse magneto- 
resistances remained undetermined. In the present 
study the temperature-dependence of Kohler’s 
rule has been demonstrated at liquid-nitrogen 
temperature, and the field-dependence of both 
magnetoresistances have been measured to high 
fields (100 kG). The transverse and longitudinal 
magnetoresistances were found to have completely 
different forms of field-dependence. Saturation of 
the longitudinal magnetoresistance of a specimen 
was observed, while the transverse magneto- 
resistance continued as a linear function of the 


applied field. A linear dependence on applied field 
of the ratio of transverse to longitudinal magneto- 
resistance was discovered. 


2. EXPERIMENTAL STUDY 

Measurements were made of the high-field 
transverse and longitudinal magnetoresistances of 
high-purity copper at room temperature, liquid- 
nitrogen temperature, and liquid-helium tempera- 
ture.* The specimens used were 1-in. lengths of 
approximately 0-2-mm diameter polycrystalline 
copper wire annealed in high vacuum just prior to 
measurement. Ratios of resistance at 0°C to re- 
sistance at liquid-helium temperature of the order 
of 700 were obtained on annealing. For these speci- 
mens we estimate a value of 2-4 10- cm for the 
electron mean free path at 4-2°K, which is a factor 
of ten smaller than the diameter of the specimen 
used, and a factor of 30 larger than the radius of 
the electron orbit in the applied field of 100 kG. 

Data on specimen characteristics are given in 
Table 1. Resistance measurements were made by 





* The copper was prepared by the American Smelting 
and Refining Company and had a claimed purity of 
99-999 per cent. This material was drawn into wires and 
furnished to us through the courtesy of Dr. H. SHERMAN 
of the Los Alamos Scientific Laboratory. 





J. de LAUNAY, R. L. DOLECEK and R. T. WEBBER 


Table 1. Characteristics of specimens 








Lead 
attachment 


Diameter 
(mm) 


Specimen 
annealing 





606 at 4-2°K Soldered 4 hr at 400°C 
0-895 at 297°K 


| 7-68 at 78°K 
} 


la 0-241 


0-241 Soldered 4 hr at 400°C 


581 at 4-2°K 
{ 738 at 4-2°K 


738 at 2-7°K 4 hr at 400°C 


Soldered 











standard potentiometric techniques. The repro- 
ducibility between runs was about 1 per cent. The 
transverse and longitudinal results will be pre- 
sented separately, since it has been found that at 
low temperatures the two magnetoresistances, 
though related, have completely different forms of 
field-dependence. 


3. EXPERIMENTAL RESULTS AND DISCUSSION 

In a transverse field of 100 kG at room tem- 
perature, the resistance increased about } per cent, 
as shown in Fig. 1, where the change in resistance 











Fic. 1. Magnetoresistance, in a transverse field, of 
copper specimen lb at room temperature (297°K). 


(AR) divided by the zero field resistance (Ro) is 
plotted as ordinate and the applied transverse 
magnetic field as abscissa. Within experimental 
error the magnetoresistance observed is a quadratic 


function of the applied magnetic field. The curve 
in Fig. 1 is a plot of the function 


AR 
— = 2:52x 10-18H2, (1) 
Ro 
The close correlation of the data to a quadratic 
dependence is evident. 

Kapitza“) estimated that the room-temperature 
increase of resistance was probably not larger than 
1 or 2 per cent at 300 kG. Extrapolation of the 
quadratic function to 300 kG gives a 2-3 per cent 
increase of resistance, in good agreement with 
KAaPITZA’s estimate. 
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Fic. 2. Magnetoresistance, in transverse and longi- 

tudinal fields, of copper specimen lb (S = 7-68) at 78°K. 

The abscissa is the product of H, the magnetic field ap- 

plied, and S, the zero field resistance ratio. Data curves 

for transverse and longitudinal magnetoresistance are 
labelled R, and R, respectively. 
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The magnetoresistance of copper at 78°K was 
found to be considerably larger than at room tem- 
perature. The longitudinal and transverse mag- 
netoresistances of specimen 1b at liquid-nitrogen 
temperature are given in Fig. 2. The detailed field- 
dependence of the resistance proved to be con- 
siderably less than quadratic (equation (1)); nor 
could a satisfactory fit be made to the data by 
using the arbitrary equation AR/Ro = aH” (where 
n is an adjustable parameter). A satisfactory fit to 
the data was found possible by using the arbitrary 
formula 


AR aH? 


(2) 


Ry 1+bH 





] 


TRANSVERSE MAGNE TORESISTANCE 

OF COPPER AT 78°K 

ARs_ alts)? 070541xi0-? 
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Fic. 3. Comparison of transverse-field magnetoresist- 

ance at 78°K with the results of Kapitza (K curve): 

K1 (Hartmann and Braun-hard); K2 (Hilger-semi- 

annealed); K3 (Hartmann and Braun-annealed). The 

curve through the NRL data was drawn by utilizing 

equation (2) with the constants given in the upper left- 
hand corner. 


which has a linear field-dependence at high fields. 
The data can also be fitted with an expression of 
the form 


AR aH" 


— = _ (3) 
Ro 1+bH” 

For liquid-nitrogen temperature, equation (3) 
gives a good fit to the data, using n ~ 1-9 for the 
transverse magnetoresistance and m ~ 1-7 for the 


longitudinal. However, these expressions when 
extrapolated to values of H ~ 200 kG show marked 
deviations from Kapitza’s data, which do not 
indicate any saturation of the magnetoresistance of 
copper at 78°K for applied field up to H ~ 300 
kG. The transverse magnetoresistance observed 
at 78°K is given in Fig. 3, together with a plot of 
the arbitrary formula (equation (2)) extrapolated 
for comparison with the results (K curves) of 
Kapitza. To permit comparison of samples of 
varying purity, values of HxS are plotted as 
abscissae, where H is the applied field and S is the 
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Fic. 4. Dependence of magnetoresistance on purity as 
measured by the resistance ratio S for four samples; 
NRL specimen Ib and the three specimens of Kaprtza‘) 
K1, K2, and K3. The two curves are for different values 
of applied field: Hx S =7:5x10®°G and HxS = 
5 x 10° G. Kohler’s rule would require the slopes of the 
constant H x S curves to be zero. This pronounced de- 
pendence of AR/Ro on S is not observed in the copper 
data for 4-2°K. 


ratio of the resistance of the specimen at 0°C to the 
zero field resistance of the specimen at the tem- 
perature of observation. The measured magneto- 
resistance has the same general field-dependence 
as that observed by Kapitza. However, the mea- 
surements at this temperature do not extend to as 
large values of H x S as those reached by Kapirza, 
and therefore the so-called linear dependence at 
high fields is confirmed only by extrapolation and 
not by measurement. 
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For liquid-nitrogen temperature, the data of 
Fig. 3 suggest that AR/Rpo at fixed Hx S may be a 
smooth function of the purity parameter (.S). This 
is illustrated in Fig. 4. If the net increase in purity 
(S) of the specimens were to arise from the 
algebraic sum of a decrease in point defects and an 
increase in dislocations, then differences in density 
of dislocations in the specimens might account for 
the deviations, as the magnitudes of Hx S used 
in the measurements were not large compared to 
the critical reduced field of 512 kOe/nQ cm 
estimated by vAN BuEREN‘). Actually, the differ- 
ences in specimen purity presumably arise from 
differences in the degree of annealing, and this 
supports such a hypothesis. Disagreement arises 
for the case of specimens K3 and NRL 1b, which 
were both annealed at temperatures above 400°C 
where a relative increase in dislocations with an- 
nealing is difficult to understand, and one is in- 
clined to suspect that some other scattering process 
is causing the deviation. Transverse magneto- 
resistance data at 4:2°K do not exhibit this re- 
lationship. Although the magnitudes of H x S used 
for the comparisons at 4:2°K are much larger than 
the critical reduced field estimate, interpretation is 
complicated by the observation that while the 
transverse magnetoresistance data all coalesce to a 
single function of H x S, the longitudinal magneto- 
resistance data for the same samples do not. 
Further study of this is in progress. 

A test of the temperature-independence of 
Kohler’s rule is possible through comparison of 
the overlap in data obtained at different tempera- 
tures of observation. Fig. 5 presents such a plot of 
the transverse and longitudinal magnetoresistances 
of sample 1b at the three temperatures 297, 78, 
and 4:2°K. There is a distinct departure from 
Kohler’s rule in the overlap regions of both the 
longitudinal and transverse magnetoresistances by 
as much as 30 per cent. This is consistent with the 
at liquid-hydrogen 


(3) 


observation by Borovick' 
temperatures. The data presented in Fig. 5 are all 
for a single specimen of constant purity and thus 
demonstrate the temperature-dependence without 
the disturbing influence of change in specimen 
purity. 

As suggested by the data in Fig. 5, saturation of 
the longitudinal magnetoresistance has been ob- 
served at liquid-helium temperatures. Because the 
longitudinal magnetoresistance at saturation is 
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considerably smaller than the transverse effect, the 
specimen must be carefully aligned with the field 
to prevent the appearance of spurious observa- 
tions. Accurate correction for misalignment by use 
of the Voigt-Thomson formula‘ is not possible 
in this case, for experimentally measured values 
are found to deviate by as much as 30 per cent 


DINA 
PPER SHOWING 


\ 
Lil 


LJ 





Fic. 5. Logarithmic Kohler plot of the magneto- 
resistance of copper specimen 1b. Circle data points 
(upper curve) are for transverse magnetoresistance and 
triangular data points (lower curve) are for longitudinal 
magnetoresistance. 


from values calculated by the formula, the larger 
deviations occurring near longitudinal alignment. 
Microscopic anisotropy could render the Voigt- 
Thomson formula inapplicable for the poly- 
crystalline specimens used. That the specimens 
behaved as polycrystalline specimens was deter- 
mined by rotation of the field about the axis of the 
specimen for which the transverse magneto- 
resistance observed remained constant to within 
1 per cent. The data show accurate two-fold 
symmetry with perhaps eight small (~ 2 per cent) 
undulations in the magnetoresistance, but no large 
asymmetry effects such as were observed by 
MacDona_p®) on alkali-metal specimens. 
Measurements of the longitudinal magneto- 
resistance of copper at 4:2°K are given in Fig. 6, 
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together with a plot of equation (3), using m = 1:3, 
a = 9-62x 10-19 and b = 9-01 x 10-19. The satur- 
ation curve was found to be temperature-inde- 
pendent for the range 2-0-4-2°K and independent 
of measuring current for the range 0-1-2-0 A. The 
data presented are for two samples differing in 
resistance ratio by 27 per cent. Correcting the data 
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Fic. 6. Magnetoresistance of copper in longitudinal 

magnetic fields at 4:-2°K. Square data points are for 

specimen 1b (S = 581); triangular data points are for 

specimen 2 (S = 738). The solid curve is calculated 
from equation (3) with n 1-3. 


of OLSEN and RINDERER™) for sample misalign- 
ment, one obtains a longitudinal-magnetoresistance 
curve suggestive of Fig. 6 with saturation near 
AR/Ro ~ 1. However, subsequent measurements 
on other specimens”® have given longitudinal 
saturation values more nearly AR/Ro ~ 2, even 
though the transverse magnetoresistance of these 
specimens obeyed Kohler’s rule very closely. The 
source of this variation in saturation magneto- 
resistance is now under study. 

The magnetoresistance of copper specimen 1a at 
4-2°K in a transverse magnetic field is given in 
Fig. 7. In contrast to the longitudinal case (Fig. 6), 
where the magnetoresistance has reached effective 
saturation at Hx S values above 40 MG, the 


transverse magnetoresistance is increasing linearly 
in the Hx S range from 40 to 60 MG, reaching a 
value of AR/Ro = 13-07 at 101 kG, the highest 
field used. Thus the field-dependence of the trans- 
verse magnetoresistance at 4-2°K cannot be repre- 
sented by saturating-type expressions. Given also 
in Fig. 7 are sample datum points of other workers 
to show the equivalence of observations made by 
different observers employing differing techniques 
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TRANSVERSE MAGNETORESISTANCE 
OF COPPER AT 4:2°K 














Fic. 7. Comparison of the transverse magnetoresistance 
of copper observed at 4:2°K. Curve I is the observation 
of CHAMBERS"), curve III the observation of OLSEN and 
RINDERER(), and curve II an average of other data. Data 
are plotted as: () (S = 606), Sample 1a, present work; 
x (S = 127) Locan(®); A (S = 367) and A (S = 980) 
Dotecek"!®); [_] (S = 156) and gf (S = 413) Boro- 
VICK'), 


of measurement and samples of a wide range in 
resistance ratio S (100 to 1000). The only signifi- 
cant deviations are for the data of OLSEN and 
RINDERER™), which probably result from the 
difficult technique associated with the use of 
pulsed fields, and the data of CHAMBERS), for 
which differences in sample geometry may be 
responsible. 

It is of interest that the ratio of transverse to 
longitudinal magnetoresistance is approximately a 
linear function of the applied field. This is shown 
in Fig. 8, where the ratio of transverse to longi- 
tudinal magnetoresistance is plotted as a function 
of applied field for the entire range up to near- 
saturation. The curve is a plot of the functional 
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relationship given in the upper corner of the figure. 
This linear relationship has been found to hold for 
all specimens; however, here again the actual 
values of the constants in the equation are found 
to be temperature-sensitive and depend on speci- 
men purity in a manner not completely accounted 








Fic. 8. Magnetoresistance of copper specimen 1b, show- 

ing linear dependence of the ratio of transverse to 

longitudinal magnetoresistance on applied magnetic 
field. 


for by the use of the resistance ratio S, and the 
data may indicate a decrease in the slope at large 
applied fields. 

The observed saturation of the longitudinal 
magnetoresistance should provide an excellent 
basis for further development of the theory of mag- 
netoresistance. Recently, ZimaN(@!) has indicated 
how saturation of the longitudinal magneto- 
resistance may be explained. A successful model 
should provide for the relatively large longitudinal 
and transverse magnetoresistances at low fields, 
with saturation of the longitudinal in the observ- 
able range of Hx S < 100 MG, and give the ratio 
of transverse to longitudinal magnetoresistance as 


a linear function of Hx .S. From such a model in- 
formation on the mean free path, relaxation times, 
and scattering processes could become available. 


4, SUMMARY 

At room temperature a quadratic dependence of 
the magnetoresistance on applied field was ob- 
served. At liquid-nitrogen temperature a satis- 
factory fit to the data was found possible by using 
an arbitrary function which permitted a transition 
from a quadratic to a linear dependence at high 
fields. At liquid-helium temperature, in contrast 
to a linear field-dependence observed for the trans- 
verse magnetoresistance, saturation of the longi- 
tudinal magnetoresistance was found to occur at a 
value of the order of the zero field resistance. A 
temperature-dependence of Kohler’s rule for mag- 
netoresistance has been demonstrated, and some 
isothermal deviation between samples was noted 
at 78°K. Kohler’s rule was found to be applicable 
to the transverse magnetoresistance of copper at 
4-2°K, but not to the longitudinal magneto- 
resistance, particularly near saturation. 


REFERENCES 


. Kapitza P., Proc. Roy. Soc. A123, 292 (1929). 

. YNTEMA G. B., Phys. Rev. 91, 1388 (1953). 

. Borovick E. S., Zh. Eksper. Teor. Fiz. 27, 355 
(1954). 

. OLSEN J. L. and RinpererR L., Nature, Lond. 173, 
682 (1954). 

5. Cuampsers R. G., Proc. Roy. Soc. A238, 344 (1957). 
. VAN BuErEN H. G., Philips Res. Rep. 12, 190 (1957). 
. JAN J.-P., Solid State Physics (Ed. F. Sertz and D. 

TURNBULL) Vol. 5, p. 15. Academic Press, New 
York (1957). 

3. MacDonaLp D. K. C., Phil. Mag. 2, 97 (1957). 

. LoGaN J. K., U.S. Naval Research Laboratory, un- 
published data for two temperatures, 1-7 and 
4-2°K. 

. Dotecek R. L., U.S. Naval Research Laboratory, 
unpublished data for specimens annealed; (A) for 
4 hr at 800°C and (A) for 4 hr at 700°C, with 8 hr 
cooling time. 


. Ziman J. M., Phil. Mag. 3, 1117 (1958). 





J. Phys. Chem. Solids 


Pergamon Press 1959. Vol. 11. pp. 43-45. 


Printed in Great Britain. 


MINIMUM MOLAR GIBBS FREE ENERGY AND SMALL 
DEVIATIONS FROM STOICHIOMETRY IN CRYSTALLINE 
BINARY COMPOUNDS 
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Abstract—It is shown that the minimum molar Gibbs free energy for a binary compound showing 
small deviations from the stoichiometric composition can be calculated from the standard free energy 
of formation. The significance of the minimum-free-energy curve on a pressure-temperature pro- 
jection of the phase diagram is discussed. In particular, its displacement from the intrinsic curve may 
serve to establish another relation among the energy parameters defining the crystal model. 


1. INTRODUCTION 
IMPROVEMENTS have been made recently in the 
theory relating the concentrations of defects in 
crystals,(-3) and the significance of these improve- 
ments has been established by experimental 
studies. (2-4) In regard to binary compound crystals 
one type of question answered by the theory is the 
following: given the field of existence for the 
crystal on a log (partial pressure of one vapor 
species) versus 1/T plot, what is the internal 
structure of this field? The internal structure might 
be exhibited by lines of constant net electronic- 
carrier concentration, n—, the line of zero con- 
centration being the intrinsic line. Here the signi- 
ficance of another type of line, that of minimum 
molar Gibbs free energy, is discussed. A binary 
compound, whose stoichiometric composition is 
MX, is considered. 


2. THE CURVE OF MINIMUM MOLAR GIBBS 
FREE ENERGY 

Provided that the deviation from the stoichio- 
metric composition is small compared to the total 
concentration of lattice sites, the change in the 
chemical potential of one crystal component arising 
from a change in the crystal composition is accom- 
panied by a nearly equal and opposite change in 
the chemical potential of the other component. The 
molar Gibbs free energy of the crystal is then 
independent of crystal composition to a good 
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approximation.) If, at the composition limits of the 
crystal’s stability, the concentration of the pre- 
dominant point defect is 1 per cent of the concen- 
tration of lattice sites, then the free energy varies 
with composition by this percentage or less. 
Strictly speaking, however, the free energy of the 
crystal depends on its composition. It has been 
appreciated for some time, on the basis of a simple 
thermodynamic argument, that the molar Gibbs 
free energy of a binary phase is a minimum when 
the chemical potentials of the two components are 
equal. Thus a binary crystal, MX, showing small 
deviations from stoichiometry, has a minimum 
molar free energy when the chemical potentials of 
the two components are equal to one another and, 
to a good approximation, to one-half the molar 
free energy of the crystal. 

At any temperature it is convenient to measure 
all chemical potentials relative to those of the ideal 
monatomic gases M and X at 1 atm pressure. The 
arbitrary choice of this standard state does not 
affect the value of the crystal composition possess- 
ing the minimum molar free energy at a given 
temperature. At this composition the chemical 
potential of the X component, jz, is related to the 
molar free energy of the crystal, F, by the equa- 
tion: 


Ba—ba® = (F—pm—pz°)/2 = AF%m 2/2 (1) 


Here jz and pm are chemical potentials of the 
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ideal monatomic gases X and M respectively at 1 
atm pressure. They are the arbitrary zeros of 
chemical potential. The quantity AF, z is the 
standard free energy of formation of the crystal. 
Since it will be convenient to use another standard 
state later, we have symbolically indicated the 
standard state as a subscript on this quantity. If 
the vapor phase in equilibrium with the crystal is 
ideal, equation (1) may be rewritten as follows: 


RT In pz = AF%m 2/2 (2) 


The corresponding equation for the pressure of the 
diatomic gaseous species, X2, in equilibrium with 
the crystal of minimum free energy is given by: 


RT In pz, = AF mn 2,—($42,°—p2°) (3) 


where the standard state for the free energy of 
formation, AF®,, z,, is now the ideal gases, M and 
Xo, each at 1 atm pressure. The quantity in paren- 
thesis is the free energy of transformation of the 
ideal gas X to the ideal gas Xo at 1 atm pressure. 
Such quantities are tabulated for many elements. ® 


3. SIGNIFICANCE OF THE MINIMUM FREE 
ENERGY 


The standard free energy of formation has been 
measured over various temperature ranges for 
many crystalline compounds. Its significance for 
the theory of defects in crystals has been limited to 
obtaining the equilibrium constant for the mass- 
action law relating the partial pressures of certain 
gaseous species in the equilibrium crystal—vapor 
system, 1.e. 


exp(AF?, 2/RT) 
exp(AF%m 7,/RT) 


Pmpz 
Pmpx.' 


Equations (2) and (3) for the minimum molar 
Gibbs free-energy curve have a wider significance, 
however. First of all from a practical point of view, 
although the curve of minimum free energy need 
not necessarily fall in the solidus field at all, it can 
serve as a guide when necessary as to roughly what 
partial pressures might be used to reach equili- 
brium with the crystal. Secondly, in one treatment 
of the complex problem of melting, the crystal 
composition of minimum free energy has been 
assumed to have the highest melting point, i.e. to 
be the camposition at the invariant melting point. 
The intersection of the minimum free-energy 


curve with the three-phase line serves as an experi- 
mental check on this assumption for a particular 
case. Finally, if the minimum-free-energy line and 
the intrinsic line are known, their relative dis- 
placement may be used to establish relations be- 
tween certain energy parameters defining the 
crystal model. 

As an example of the last point, consider a 
binary ionic crystal in which vacancies in the 
cation and anion sublattices are the predominant 
point defects.) The chemical potentials of the 
metallic component, jm, and the non-metallic 
component, pz, are given respectively by: 


Hm = RT In S/Ve+Ey—fnct+ U-RT In Ke 
per = RT In S/V4—Ey—Cn4+ U—RT In Ka) 


where here the chemical potentials are measured 
relative to the ideal monatomic gases, M and X, 
each at 1 atm pressure; the Fermi level, Ey, is 
measured relative to that for the stoichiometric 
crystal; {pc and ¢y,4 are the energies required to 
create a cation and an anion vacancy respectively; 
Kc and K, are the contributions of the cations and 
anions respectively to the vibrational modes of the 
crystal; U is one-half the crystal lattice energy per 
cation—anion pair relative to the above standard 
state; S is the total concentration of sites in each 
sublattice; and V¢ and V4 are respectively the 
concentrations of ionized cation and anion vac- 
ancies. In the intrinsic crystal the concentrations of 
ionized cation and anion vacancies are equal to 
each other and to the square root of the Schottky 
constant. Assume that the electronic energy-band 
structure is such that in the intrinsic crystal only a 
negligible fraction of the vacancies of each kind are 
un-ionized, i.e. the crystal is simultaneously in- 
trinsic and stoichiometric. The ratio of the partial 
pressure of gaseous X atoms in equilibrium with 
the crystal of minimum free energy, pz (min. F), to 
that in equilibrium with the intrinsic crystal, pz 
(int.), is then given by: 


2 In[p2(min. F)/p,(int.)] = 
In[pz,(min. F)/p,z,(int.)] = (6) 
—(frc—Sna + RT In Kc/Ka)/RT 


In conclusion a numerical example is given for 
PbS. In Table 1 are listed: the standard free energy 
of formation of PbS from the ideal monatomic lead 
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Table 1. 








T(°K) | 
(cal/mole PbS) | 


—AF°pp, s,X 10-8 | (43—4s,) x 10-3 
(cal/mole S) | 


‘log ps,(min. F) | log ps,(int.) 
(pin atm) | (pin atm) 





800 | 48-67 


30°81 


| 4-9 —4:3 





900 44°25 


29°39 


—3+6 





1000 39°57 


27-97 


—2°5 





1100 34:97 


—1-7 





29°75 





ya? 








vapor and the ideal diatomic sulfur vapor, each at 
1 atm pressure;) the standard free energy of 
formation of gaseous diatomic sulfur from the 
monatomic species, both at 1 atm pressure and 
ideal ;‘®) the log of the partial pressure in atmo- 
spheres of gaseous diatomic sulfur in equilibrium 
with the crystal of minimum free energy as cal- 
culated by equation (3); and the log of the partial 
pressure of gaseous diatomic sulfur in equilibrium 
with the intrinsic or stoichiometric crystal as deter- 
mined experimentally.) Above 800°K the intrinsic 
and minimum free energy curves are quite close 
but with slightly different slopes. Thus if the 
vacancy model is correct, one finds with the aid of 
equation (6) that nine kcal/mol more are required 
to create a lead vacancy than a sulfur vacancy. 
Moreover, the composition of PbS at the in- 
variant melting point has been found“) to corre- 
spond to about 6 x 1018 excess lead atoms/cm?, and 
is therefore not that at which the crystal has a 
minimum free energy. This is evidence in addition 
to the shape of the three-phase line that the iso- 
thermal free-energy/composition curves for liquid 
and solid are not both symmetrical about the com- 
position PbS. 


Note added in proof: The difference in the energies 
required to create an ionized anion vacancy and an 


ionized cation vacancy, f,4—{,c, can be obtained in 
terms of more familiar energy parameters by reference to 
the grand partition function (Eq. 3 of Reference 5). It is 
equal to (a) the difference in the energies required to 
remove an anion and a cation from inside the crystal to 
infinity plus (b) the sum of the ionization energies of the 
anion and the metal atom plus (c) twice the intrinsic 
Fermi level measured relative to an electron at rest at 
infinity. The term (c) is negative and might dominate 
even in the case where term (a) is positive. 
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Abstract—From magnetic measurements made on Au—Mn alloys in both the states, ordered and 
disordered, the magnetic moment p» of the manganese atoms and the Weiss temperature © of the 
alloys have been determined. In the temperature range used (90—1020°K), the electrical resistivity of 
the alloys has also been determined. The © values of the alloys are found to vary regularly with com- 
position, being positive at low and negative at high manganese concentrations. Resistivity/concen- 
tion curves have been obtained in three different states of the alloys, the atomic as well as the mag- 
netic order being considered. The magnetic and the electrical measurements show a marked de- 
pendence of the magnetic transformation points on the degree of atomic order of a given alloy, the 
Curie and the Néel points being displaced toward lower temperatures with decreasing atomic 


ordering of the alloy. 


1. INTRODUCTION 
Tue alloy system gold—manganese is characterized 
by a fairly large number of ordered crystal phases. 


Magnetically, the alloys are of great interest, some 
of the phases showing transformations to the ferro- 
magnetic and others to the antiferromagnetic state 
in the lower temperature range. 

As a continuation of earlier investigations in this 
laboratory on the magnetic{-3@) and resistance‘) 
properties of the alloys, we give in the present 
paper the results of measurements on alloys con- 
taining 10-75 atomic per cent manganese. 


2. METHODS OF MEASUREMENTS 

The arrangement used for measuring the para- 
magnetic susceptibility allows measurements to be 
made on wires, rods or powders in the range from 
room temperature up to about 800°C.@) The 
directly measured atomic (mole) susceptibility 
values X’ were corrected for the superimposed 
diamagnetism as follows. Denoting the atomic 
fraction of manganese of a given alloy by a, we 
have (disregarding the diamagnetism of the man- 
ganese atoms) for the atomic paramagnetic sus- 
ceptibility X of the alloy 


= x’—(1 —a)Xq 


(1) 


where Xq is the diamagnetic atomic susceptibility 
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of gold (for which the value Xzg = —29 x 10-6 was 
used). The effective, atomic magnetic moment » 
of the manganese atoms in the alloy has been 
evaluated by means of the Curie-Weiss formula 


where k is Boltzmann’s constant and N Avogadro’s 
number. The quantities C. and @ for a given 
specimen are obtained from the slope and the 
intercept on the 7-axis of the straight line in a 
1/X versus T diagram. 

The resistivity measurements were carried out 
with a potential bridge. When measuring the 
temperature-dependence of the resistance, silver 
wires were attached to the samples as potential 
leads. 


3. RESULTS 
(a) The primary gold-rich solid solutions 
To supplement the earlier measurements in this 
range by GusTaFssoN@) and KRongvIsT and 
GIANSOLDATI®), we have measured an alloy with 
10-0 atomic per cent manganese. As shown in 
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Fig. 1, the X values obey the Curie-Weiss law over 
the whole range of temperatures covered by the 
measurements. From the graph one obtains 





C = 0-381; C/a = 3°81; p/ug = 5-6; 0 = 118 


Bp being the Bohr magneton. 


(b) The range of the AugMn phase 

Alloys of this composition range could, when 
quenched from temperatures above the transition 
point, be rolled and drawn to wires. In Figs. 2-3 
the 1/X versus T curves are given for two alloys 
in this concentration range. (An alloy with 20-5 
per cent manganese has also been investigated.) 
The transition of the alloys occurring slightly 
above 400°C has all the features of an order—dis- 














Fic. 1. 1/X against temperature for an alloy containing 


10 atomic per cent manganese. order transformation. Thus the high-temperature 
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Fic. 2. 1/X against temperature for an alloy containing 18-5 atomic per cent 
Mn. (Inset diagram for the low-temperature region shows the displacement 
of the Curie point T; with change in the degree of order). 
Quenched from 550°C 
e@ Intermediate rate of temperature change 
© Slow rate of temperature change 
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1/X against temperature for an alloy containing 23-0 atomic 


per cent manganese. 


Quenched from 550°C 


* Intermediate cooling rate from high-temperature region 
Slow rate of temperature change 


state of the alloys can be retained at room temper- 
ature by quenching. The crystal structure of the 
ordered phase is of the NigzMo) type. From the 
linear part of the 1/X versus 7 curves above the 
transition point, Toraer, the following magnetic 
data have been obtained for the two alloys: 


Gc: ¢ 0-656; 
186 
408°C; C 


203. 


0-185; T order 


4/[LB 49: 6 


a = 0-23; Torder 0-625; 


/LB 48: 6 
The influence of the order-disorder transforma- 
tion on the magnetic quantities will be discussed 
in Section 6. The more perfectly ordered states 
show, as was first found by KussMANN and RavuB™), 
a ferromagnetic Curie point TJ, at about 363°K 


(90°C). This point is displaced, as the present 
measurements show (Figs. 2-5), in the direction 
of lower temperatures with decreasing atomic 
ordering of a given alloy. 

The two transitions of the alloys (magnetic and 
order—disorder), and the displacement of 7’, with 
change of degree of order appear still more dis- 
tinctly in the resistivity temperature/diagrams 
given in Figs. 4 and 5. In the paramagnetic range 
the change of resistivity with temperature is 
rather small for the disordered as well as for the 
ordered state (at temperatures far enough below 
the transition point). Below the ferromagnetic 
Curie point the resistances of the ordered alloys 
show a temperature-dependence similar to that of 
a pure metal. Thus the temperature coefficient of 
resistance of the alloys in the fully ordered state 
differs very little from that of pure gold. 
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Fic. 4. Electrical resistivity against temperature for an 
alloy containing 18-5 atomic per cent manganese. 
< Quenched from 550°C 
© Cooled slowly 
e@ Intermediate state of order 
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°K 
Fic. 5. Electrical resistivity against temperature for an 
alloy containing 20°5 atomic per cent manganese. 
Quenched from 550°C 
© Cooled slowly 
e@ Intermediate rate of temperature change 


(c) The AugMn phase 

According to the phase diagram suggested by 
Ravus et al.(8) the ordered phase AugMn has a 
rather narrow range of homogeneity and exists 
only below about 730°C. Meyer and TaGLane(®) 
have shown that AugMn has an antiferromagnetic 
transformation at about 90°C, and transforms into 
a ferromagnetic state in a strong magnetic field 
(pseudo-ferromagnetism). 

The specimen of this composition used in our 
investigations was too brittle, even after quenching 

















800 (000O™” 
°K 
Fic. 6. 1/X against temperature for the alloy Aue2Mn. 


Quenched from 840°C 
Slow rate of change of temperature 


600 


from high temperature, to be rolled or drawn to 
wire. It was obtained in the form of a rod by 
casting. To homogenize it, the rod was annealed 
for many hours at about 700°C. 

Figure 6 shows the 1/X versus T diagrams for 
the specimen. The antiferromagnetic trans- 
formation occurs apparently at about 100°C. The 
transformation at about 740°C seems to be of the 
order—disorder type. The magnetic data obtained 
for the alloy above 740°C are: 

C= 1S; — 96. 


Cla = 3:7; plup= 5-5; 0: 
edd 


Because of the continuous change of the degree of 
ordering that occurs below the transformation 
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point, it is in our opinion questionable whether an 
evaluation of the atomic moment p from the slope 
of the curve in this temperature range is permis- 
sible for AugMn. For the disordered metastable 
state of the sample at low temperatures (20-180°C), 
obtained by quenching from above the transition 
point, the following data have been obtained: 


C = 0-943: 126. 


The order—disorder transformation and the 
magnetic transformation are also well marked in the 
resistivity/temperature diagram (Fig. 7). 


C/a 2°83: // PB > 4-5: 0 = 


Fic. 7. Electrical resistivity against temperature for the 
alloy AueMn. 


(d) The composition range of AuMng 


In this range we have made measurements on 
three alloys with 73-5, 75-0 and 76-5 atomic per 


cent manganese. The 73-5 per cent alloy was 
obtained in a ductile state after quenching and 
could be rolled into rod. After rolling it was homo- 
genized by annealing at 1000°C. The two other 
samples were also prepared in the form of rods by 
casting. We have reason to believe that the 73-5 
per cent alloy had reached a more homogenous 
state than the other two (not described here). 
The results of the magnetic measurements on 
the 73-5 per cent alloy are shown in Fig. 8. The 
alloy has a transition point at about 660°C. For 
the state of the alloy that is stable above the transi- 
tion point (which state also can be retained at 
room temperature by quenching), the magnetic 
susceptibility follows the Curie-Weiss law. The 


magnetic data obtained from the graph are: 
C = 3-08; Cla = 4:19; 
6 = —1840. 


Hip = 5°8; 


Below the transition point the magnetic suscepti- 
bility increases slightly with time on prolonged 
annealing. This may be caused by a slight con- 
tinuous structural change below the discontinuous 


























8. 1/X against temperature for an alloy containing 
73-5 atomic per cent manganese. 
Quenched from 850°C 
Slow rate of temperature change 


one at 660°C, or it may indicate a new structural 
transformation in the lower temperature range. 
The ordered alloy shows in the lower temperature 
ranges a paramagnetic susceptibility which is 
practically independent of temperature. 

Figure 9 gives the results of electrical-resistivity 
measurements on the 73-5 per cent alloy. In the 
range above the transition point at 660°C, the 
resistivity is approximately independent of temper- 
ature. This is also the case for the quenched 
metastable sample at low temperatures. Below 
the magnetic transition point the temperature— 
dependence of the resistivity indicates a continuous 
antiferromagnetic ordering process of the type 
found earlier for the AugMn and the AuMn 





MAGNETIC SUSCEPTIBILITY AND ELECTRICAL RESISTIVITY OF Au-Mn ALLOYS 51 


phases..5) It may also be mentioned that cold- 
worked samples of the alloy show a fairly large 
change in resistivity when annealed in the temper- 
ature range 100—200°C (about 15 per cent decrease 
of resistivity in the case of highly cold-worked 
samples, indicating a cold-work effect on the 
resistivity of this magnitude). 
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Fic. 9. Electrical resistivity against temperature of an 
alloy containing 73-5 atomic per cent manganese. 


Cold-worked 
A Quenched from 850°C 
e@ Cooled slowly 
© Slow rate of temperature change 


X-ray investigations on the system gold- 
manganese which are going on in this laboratory 
have shown the existence of conflicting structures 
in the composition range of AuMng. These 
phenomena have to be left for further investiga- 
tion. 


4. THE PHASE DIAGRAM 

The various forms of the phase diagram of the 
gold—manganese system proposed in the literature 
are in some cases inconsistent. Thus BumMM and 
DEHLINGER"9®) give a continuous series of solid 
solutions in the concentration range 0-93 atomic 
per cent manganese at temperatures just below the 
solidus line, while the investigations by RAvB et 
al.(8) (‘“ZwikKER’s diagram’’) have given a diagram 
characterized a.o. by one solubility gap at about 


33 atomic per cent manganese and another at 
75 per cent. Further, the range of concentration 
of the y-manganese structure is much larger in 
ZWIKKER’S diagram than in that of Bumm and 
DEHLINGER. 

The contributions to the phase diagram made 
by the present investigation and earlier investi- 
gations in this Institute.5) are mainly restricted 
to the structural and magnetic transitions oc- 
curring in the lower temperature range. In that 
range our results agree for the most part with those 
of earlier authors. (7-9 

For the high-temperature range and manganese 
concentrations around 75 atomic per cent, the 
results of our investigations support the diagram 
of Bumm and DEHLINGER rather than that of 
ZWIKKER®), ‘Thus we have been able to obtain a 
single-phase alloy with 73-5 atomic per cent at 
1000°C, which would not be possible according to 
the phase diagram of Ravs et al., but quite possible 
with that of BumM and DEHLINGER. 

The 50 atomic per cent-alloy is at the upper limit 
of the present measurements still in an ordered 
state, as can be concluded from the results of the 
resistivity measurements) (see Section 5). The 
phase diagram of ZWIKKER®) is consistent with 
the assumption that the ordered state for this alloy 
is stable right up to the melting point. 


5. THE RESISTIVITY PROPERTIES 


The resistivity/temperature characteristics of the 
alloys found in this and earlier investigations at this 
Institute®.5) enable us to make a survey of the 
electrical properties of the system. Qualitatively 
the regularities may be valid also for some other 
alloy systems showing order-—disorder transforma- 
tions as well as magnetic transformations in the 
lower temperature range. 

We have to consider three different temperature 
ranges, each characterized by the state of order 
occurring for the atomic arrangements or/and the 
paramagnetic moments of the magnetic atoms at a 
given temperature: 


(1) The range above the structural transition 
point (order—disorder transformation) where the 
homogeneous alloys have disordered arrangement 
of the gold and manganese atoms at the lattice 
points and disordered magnetic spins of the Mn 
atoms (state of atomic and magnetic disorder). 
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(2) The range below the structural transforma- 
tion point but above the magnetic transformation 
point (state of atomic order and magnetic disorder). 

(3) The range below the temperature of the on- 
set of spontaneous magnetization (state of atomic 
and ferro- or antiferromagnetic order), both these 
sorts of order increasing with decreasing tempera- 
ture. 

In the gold—manganese system all three states 
occur for the AugMn, AugMn and AugMn phases 
in the sequence of temperature ranges outlined 
above. For AuMn the state (1) is (if it exists) not 
reached in the temperature range of our measure- 
ments. In the case of AuMnsg, the second state is 
not observed. The order—disorder transformation 
for that alloy is accompanied by a change of the 
crystal lattice type (from face-centred cubic to 
body-centred cubic).@2 It can be assumed that 
the b.c.c. lattice favours the onset of magnetic as 
well as of structural order at the transformation 
point. 

In the temperature range of both atomic and 
magnetic order, the change of resistivity with the 
temperature (dp/dt) is high for alloys with the 
stoichiometric composition of a given structure. In 
the range of atomic order and magnetic disorder, 
dp/dt is small and varies with the degree of order, 
the order being in its turn a function of the tem- 
perature. In the range of atomic and magnetic 
disorder, dp/dt follows the general laws for the 
resistivity of primary solid solutions recently 
discussed by one of the authors. (2) 

The absolute values of the resistivity of the 
alloys in the different stages discussed above may 
conveniently be compared by means of the residual 
resistivities valid at O°K. For the stages (1) and 
(2), the residual resistivity values are obtained 
approximately by linear extrapolation of the high- 
temperature parts of the p/T curves to T = 0°K. 
In the lowest temperature range the p/T curves 
are, for the case of ideally ordered alloys, quite in 
agreement with the assumption that the resistance 
is zero at O°K. The residual resistivities obtained 
in this way are given in Fig. 10, It is obvious from 
this, that the 50 per cent alloy is still structurally 
ordered in the temperature range above the 
magnetic transformation point. From the results 
of Fig. 10 it is also apparent that state (2) is absent 
in the 73-5 per cent alloy, this being in accordance 
with the conclusion drawn from the magnetic 
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measurements. It is interesting to note that the 
resistivity curve for the structurally disordered 
alloys is a straight line over the whole concentra- 
tion range investigated (0-73-5 atomic per cent 
manganese). 
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Fic. 10. Resistivity values extrapolated to TJ = 0°K 

versus concentration of manganese for gold—manganese 

alloys in different states of order. (The values for the 

alloys with 25-0 and 50-0 atomic per cent manganese 
are from Reference 5.) 


Atomic and magnetic disorder 
Atomic order, magnetic disorder 
Atomic and magnetic order 


From the results of Figs. 4-5 can be assumed 
that the magnetic ordering does not appear to the full 
extent in states of imperfect atomic order (obtained 
by quenching of the samples from different higher 
temperatures). Another interesting fact is that the 
magnetic transition point is displaced towards 
lower temperatures with increasing structural dis- 
order of a given alloy (Figs. 2-5). 


6. THE MAGNETIC PROPERTIES 

(a) The magnetic moment of the manganese atoms 

In Table 1 we give the values of the magnetic 
moment of the manganese atoms in the alloys. We 
would point out that the values obtained for the 
temperature range below the structural trans- 
formation point are uncertain owing to the follow- 
ing circumstances. In this range an appreciable 
influence of temperature on the degree of structural 
order is, as is well known, to be expected. As the 
value of 1/y is found to increase with decreasing 
order, a continuous change in the degree of order 
will make the computed p-values too low. The 
possibility of a real change in the atomic magnetic 
moment with order seems, however, in our opinion 
not to be definitely excluded. 
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Table 1. Magnetic data for the Au-Mn alloys 








Alloy 
(At. % Mn) 


| Temperature range (°C) 


State of the alloy 





10-0 


For the states below the magnetic transformation 
points, we have no measurements of pu. Values 
found from data given in the literature‘. are 


AwMn p= 45yz, 


AueMn p= 3-Sup. 

These values are obtained from measurements of 
the saturation magnetization and are, as is well 
known, not directly comparable with the effective 
p values deduced from paramagnetic measure- 
ments. 


(b) Values of the Weiss temperature © 

Table 1 contains the Weiss © values for the 
alloys. In Fig. 11 these values are also given 
graphically as a function of the manganese con- 
centration c of the alloys. From the figure it is 
seen that © varies regularly with c, changing over 
from positive to negative values at about 30 atomic 
per cent manganese. From the diagram it can also 
be seen that the transformation to atomic order of 
the alloy brings about a change of © in the direc- 
tion of higher absolute values. Also for very low 
concentrations of manganese (¢ < 2 atomic per 
cent) ® changes over to negative values, as is seen 


20-800 Disordered 


Disordered 


Ordered 


400-800 
100-200 


Disordered 
Ordered 


400-800 
200-400 


Disordered 
Ordered 


400-600 
200-300 


Disordered 
Ordered 


600-800 
20-300 
Disordered 


750-850 


Ordered 
Disordered 


300-800 
700-850 


Disordered 
Ordered 


Fic. 11. Values of the Weiss temperature © against the 
concentration of manganese. (Inset diagram for low- 
concentration range gives data evaluated from Reference 
1.) 
© Disordered 
e Ordered 


from data in the insert diagram of Fig. 11. The 
values are in this case derived from measurements 
reported by Gustarsson. 
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The p values given in the table show that this 
quantity is lower by about 1 Bohr magneton for 
alloys in the concentration range 18-23 atomic per 
cent manganese than for other alloys of the system. 
Assuming that the same electron configuration is 
valid for the manganese atoms in the alloys as in 
the gaseous state of pure manganese, the theoretical 
paramagnetic » value should be given by the 
expression 


p= pe = V(4S(S+1)]. (4) 


Thus Mtheor >= 5-92 KB for S = 5/2. 

The values obtained in this investigation deviate 
in the direction of lower values from ptneor, but 
the deviation is in some cases rather small. 
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Abstract—Thin sheets of the alloy CusAu were prepared so that electron-diffraction patterns could 
be obtained from them by transmission. After bombardment of the alloy with argon ions of various 
energies up to 5000 eV, the diffraction patterns consisted of distinct doublets, indicating the forma- 
tion of a layer with a composition different from that of the original alloy. Initially, the sputtering 
produced a thin layer of alloy, uniform in composition and more gold-rich than Cu3Au; subsequent 
sputtering under identical conditions eroded three times as much copper as gold from the surface. 
Helium and xenon ions were also used to show that the composition and thickness of the layer both 
depend on the size of the ion and its energy. Some other alloys developed altered layers. It was shown 
that with silver—palladium alloys the composition of the altered layer also depends on the composi- 
tion of the original alloy. The thickness of the altered layer is taken to be a measure of the penetration 
of the ions. A discussion of current theories of radiation damage shows that they do not account 


fully for the observations. 


1. INTRODUCTION 

THE removal of atoms from the surface of a metal 
by bombarding it with positive ions (“‘sputtering”’ 
it) with energies of up to a few thousand electron- 
volts, has been studied mostly with targets consist- 
ing of pure metals, and alloys have seldom been 
used. There have been several reviews of the 
subject recently,“-4) but it is still not well under- 
stood, partly because there is some disagreement 
about the minimum amount of energy an ion needs 
to remove a metal atom (for a given metal-ion 
combination), a quantity usually referred to as the 
“threshold energy” for sputtering. @-3,5-8) 

The possibility that the ions penetrate some 
distance into the surface layers was used by 
KEYWELL®) in developing a _ radiation-damage 
theory of sputtering, but any physical changes 
they may cause are difficult to exploit experi- 
mentally if the ion energies are low. Consequently, 
there have been no published measurements of the 
penetration into metals of ions with energies up 
to 4000eV, although several ways have been 
found of estimating the penetration of higher- 


energy ions (above 30 keV)@°-1%) for comparison 
with the theory of Bour*) or with the application 
of neutron-cooling theory“) to particle penetration 
into solid matter. 

The present paper describes a new effect found 
in the electron-diffraction patterns (taken by trans- 
mission) of certain alloys after ion bombardment, 
which has proved to be a sensitive indicator of the 
occurrence of sputtering, and which can be used 
to estimate the depth of penetration of even very 
low-energy ions. 

Previous work on the sputtering of alloys has 
been reported by AsAaDA and QUASEBARTH®), who 
found that for alloys of copper with very small 
amounts of gold, the gold was removed by ion 
bombardment faster than the copper, leaving the 
original alloy more copper-rich. FISHER and 
WeseER(’), however, have stated that alloys such 
as 70:30 brass and stainless steel sputter in krypton 
in such a way that the material removed from the 
target has the same composition as the original 
alloy. Hanau“8) has confirmed this for some 
aluminium alloys. 
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Electron diffraction has been used by Lapace“®) 
and CastarnG®® to study alloys after ion bom- 
bardment. LapaGE used reflection electron dif- 
fraction after bombarding f-brass surfaces with 
2000-eV ions, but could detect no unusual surface 
layers. CASTAING’s experiments were similar to 
those described here, but he did not find any un- 
usual effect because his alloy was of aluminium 
with 4 per cent copper, and this alloy is not suit- 
able for showing the effect described in this 
paper. 

In this investigation thin sheets of the alloy 
CugAu were further thinned down by an electro- 
polishing technique, so that electron-diffraction 
patterns could be obtained from them by trans- 
mission. When its diffraction pattern had been 
recorded, a specimen was made the cathode in 
a gas discharge at a low pressure, and each side of 
it in turn bombarded with positive ions. It was 
transmission electron dif- 
ions were 


then re-examined by 
fraction. Helium, argon 


used to bombard CugAu. Other alloys were also 


and xenon 


investigated. 


2. SPECIMEN PREPARATION AND 
EXPERIMENTAL PROCEDURE 

(a) Alloy preparation, CugAu 

A slug of the alloy was prepared by placing 
38-32 g of commercially refined gold and 36-96 g 

copper into a clean silica tube of diameter 
and melting them together by heating in 
with the silica tube 


0-5 in., 
an induction furnace coil, 
continuously evacuated by a rotary pump. The 
tube temperature was taken up to 1100°C and held 
there for 5 min before slowly cooling to room 
temperature. Examination by X-rays showed that 
the alloy was homogeneous, but it was too tough 
to swage down to a size suitable for cold-rolling to 
a thin strip. All specimens were therefore made 
from pieces cut from this slug, which were melted 
again im vacuo in a silica tube of 0-1 in. internal 
diameter. The resulting round specimens were 
cold-rolled to strips a few thousandths of an inch 
thick. 

In the cold-rolled state this alloy is disordered. 
As some specimens of the ordered alloy were 
required, pieces of the cold-rolled strip were 
heated for 64 hr at 360°C im vacuo, and cooled 
to room rate of 


1-5°C/min. 


temperature at an average 
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(b) Electropolishing technique for CugAu 

HEIDENREICH®!) first prepared specimens from 
bulk metals thinned down sufficiently to transmit 
electrons and give diffraction patterns. An im- 
provement on his method is to electropolish both 
sides of a thin piece of metal foil simultaneously, 
using pointed electrodes placed opposite to each 
other on either side of the foil.(22) This eventually 
forms a hole in the foil, around which the metal 
edges are so thin that electron-diffraction patterns 
can be obtained by transmission. 

For CugAu, the only electrolyte found suitable 
was that of BAKIsH and RoBERTSON®®), and with 
this a good polish could be obtained, though the 
darkening of the solution, together with the 
vigorous bubbling that occurred during polishing, 
made continuous operation to the formation of a 
hole difficult, and the rapid detection of the hole 
impossible. 

An alternative method was therefore devised to 
produce the holes, the electropolishing being 
performed on both sides of the specimen simul- 
taneously by spraying the electrolyte on to it 
through platinum nozzles which acted as cathodes. 
A polythene pump of the type described by 
Sykes et al.(24) was used to produce the flow of 


electrolyte in a way shown schematically in Fig. 1. 


G 


i it TX R 
, Ih 
T a E 


Schematic diagram for electropolishing to a 
hole by a continuous-flow method. 


Fic. 1. 


E Accumulator R_ Rheostat 

G Polythene tube S Specimen 

J Platinum nozzles T Polythene trough 
P Polythene pump 


Into the exit hole of the pump a polythene T-piece 
was forced, the arms of the T leading round to 
each side of the specimen, which was fixed 
directly above the pump with its plane vertical. 
The specimen strip, of dimensions 1 x } in., was 
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covered on both sides by a quick-setting acrylic 
compound of the type used for dental repairs, 
except for two circular patches of diameter } in. 
directly opposite each other near the lower end, 
and a small part at the upper end for electrical 
connection. Platinum nozzles of exit diameter 
also 4 in. were fixed into the ends of the arms of 
the T-piece, and were held pointing towards and 
just above the exposed circular patches of the 
specimen. This enabled a beam of light to be 
focussed on one of the circular patches on one 
side of the specimen. By adjusting the flow of 
electrolyte and the nozzle-to-specimen distance, 
the current density could be controlled until 
polishing was achieved on each side of the speci- 
men. The electrolyte flowed off the specimen 
back into the pump for recirculation. The 
appearance of a hole in the specimen was observed 
by looking at it from the opposite side to the one 
on which the light beam was focussed. The 
apparatus was used in a fume-cupboard, as 
hydrogen cyanide gas was given off by the polish- 
ing reaction. When a hole appeared in the polished 
metal, the specimen was moved away from the 
nozzles and washed with distilled water. The 
protecting acrylate was pulled off and any small 
particles of it remaining were dissolved in acetone. 


(c) Other alloys 

For reasons which will become apparent, the 
alloy CugAu was the most suitable one to use, but 
several other alloys were investigated, namely, 
cupro-nickel (with 20 per cent nickel by weight), 
AgAu, AgsMg, «-brass, and alloys of silver and 
palladium with a range of compositions. ‘They 
were prepared commercially and cold-rolled to 
make strip suitable for the experiment. They were 
electropolished to form holes, in the apparatus 
used for CugAu, and the electrolytes the materials 
used for the cathode nozzles and the other polish- 


ing conditions are given in Table 1. 


(d) Sputtering apparatus 

The first experiments with CugAu, and those 
with all other alloys except the silver-palladium 
ones, were carried out with a simple discharge 
chamber of glass in which the specimen (cathode) 
and a tungsten plate (anode) were separated by a 
few inches. Argon was leaked into the evacuated 
chamber through an Edwards valve and pumped 
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away by a mercury-diffusion pump after passing 
through liquid-air traps. A discharge passing a 
current of 0-5 mA could be maintained at voltages 
between 300 and 5000 V by varying the pressure 
in the chamber between 80 » Hg (for 300 V) and 
12 » Hg (for 5000 V). 

In order, however, to sputter at very low 
voltages, and at pressures of only 1 or 2u whatever 
the voltage, the chamber was modified by the 
introduction of an axial magnetic field, a heated 
tungsten filament, and an electrode arrangement 
identical to that described by Ocitvie5), In 
such a discharge, most of the ions strike the cathode 
with an energy almost equal to Ve, where V is 
the applied voltage and e the electronic charge 
(Backus®)), For the experiments in which 
sputtering was followed by evaporation of copper 
on to the specimen, a second (coiled) tungsten 
filament was added, which could be heated in- 
dependently of the one used for low-voltage 
sputtering. 


(e) Experimental procedure 

When a hole had been formed in a specimen by 
polishing, electron-diffraction patterns were re- 
corded, using 50-kV electrons from areas round 
the hole thin enough to transmit electrons. Each 
side of the specimen in turn was then sputtered 
under chosen conditions of discharge voltage, 
recorded ion current,* gas pressure and sputter- 
ing time. In most cases both sides had the same 
treatment, but in some, to show up new effects, 
the two sides were sputtered at different voltages. 
After each sputtering treatment electron-dif- 
fraction patterns were again recorded. 

On inserting a specimen into the discharge 
chamber, the chamber was evacuated to a pressure 
of 10-6 mm Hg and tested to ensure that it was 
free from air leaks. The inert gas was then leaked 
in and a steady pressure attained. The discharge 
was then established and maintained stable by 
controlling the intensity of the magnetic field and 
filament heating current. For a few minutes the 


pressure usually rose as the apparatus degassed, 
but ultimately the pressure dropped to its original 
value, and all reported sputtering times were 


*The current recorded by a meter in series with the 
specimen consists of a positive-ion current and a 
secondary-electron current emitted from the specimen. 
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Table 1. Electropolishing conditions for thinning various alloys for electron-diffraction examination 


Electrolyte 


Current 
density 
(A/cm?) 


Cathode Voltage 








Cupro-nickel 


Conc. orthophosphoric acid 


Copper 2:5-3-0 0-25 








Brass (25° zinc by 


weight) 


Conc. orthophosphoric acid 


Copper 1-3-1-6 0-10 





Solution of: 


60 g potassium cyanide 


Platinum 2-4 


30 g potassium ferrocyanide 


10 g silver cyanide in 1 


32-4 g silver cyanide 
19-5 g potassium cyanide 


l. water 


0-9-1-3 





0-05 


Platinum 


41-5 g potassium carbonate 
20 ml conc. orthophosphoric acid in 1 1. 


water 


Silver—palladium alloys: 
0 g potassium cyanide 
) 20 


* | 


5 g silver cyanide 
1. 


distilled water 
5 g potassium cyanide 
00 ml water 


* 
3 
" 
3 
2 
3 
2 
5 
5 


0 ml conc. ammonium hydroxide 





Platinum 


8 g potassium carbonate 


5-0 
5-0-6:0 


Platinum 
Platinum 


Platinum 5-0-6:0 








measured from this moment. The time of sputter- 
ing was different for different voltages, varying 
from 2 or 3 hr at very low voltages to 15-30 min at 
5000 V. ; 
voltages and vice versa, so that the power dissipa- 


The ion current was higher for low 


tion in the specimen was always low enough to 
prevent it from reaching a temperature higher 
than 80°C. 

In some experiments, copper was evaporated 
on to the specimen to provide a calibrating layer. 
After the diffraction pattern of the sputtered 
specimen had been obtained, the specimen was 
returned to the chamber, and a weighed strip of 
abraded and cleaned copper foil was placed on the 
coiled tungsten filament which had previously 
been degassed by flashing. The specimen was 
then re-sputtered for a few minutes under exactly 
the same conditions as previously, after which the 
sputtering was stopped, the apparatus evacuated 
to 10-6 mm Hg, and a current passed through the 
coiled tungsten filament until the copper formed 
itself into a molten bead and then evaporated. A 


further electron-diffraction pattern was then ob- 
tained from the specimen. 


3. RESULTS AND INTERPRETATION 

(a) The formation of a layer of altered composition 

(i) Cold-rolled CugAu. Patterns obtained from 
cold-rolled CugAu before ion bombardment were 
similar to those described by Hirscu et al.” for 
beaten and etched gold foil, consisting of spotty 
arcs connected by diffuse smears (Fig. 2). The 
arcs were parts of Debye—Scherrer rings corre- 
sponding to the face-centred cubic lattice of 
CugAu. For some specimens extra rings indicated 
the presence of impurities remaining from the 
electropolishing procedure. Figure 3 is typical of 
the patterns obtained from the same specimen after 
bombardment with argon ions, showing the dis- 
appearance of impurities and the formation of 
distinct doublets in the alloy pattern. For each 
original spotty arc, there appeared a sister arc dis- 
placed towards the centre of the pattern. These 
doublets were very similar to those obtained by 





2. Cold-rolled CugAu. Transmis- 


Fic. 
electron diffraction. 


sion pattern by 


Fic. 3. Cold-rolled CugAu. Trans- 
mission pattern after bombarding both 


sides with argon ions (voltage 500 V, 


positive-ion current 0:25 mA, pressure 
5 x 10-? mm Hg, time 30 min.) 


[ niene 58 
[facing page 38 





Fic. 5. Ordered CugsAu bombarded 
both sides with argon ions (voltage 
2500 V, positive-ion current 1 mA, 


yressure 1°4 10-2 mm Hg, time 30 
I 
min). 


FIG 


4. Ordered CugAu. Transmission 
pattern by electron diffraction. 





7. Pure copper (annealed) 


Transmission pattern. 


Fic. 8. Pure copper (as Fig. 7) bom- 
barded with argon ions. Transmission 
pattern. 





Fic. 10. Ordered CugAu (sputter- 
ed). 500 V one side: 5000 V other 
side. ‘Transmission pattern enlarged 


to show details. 


Fic. 11. Cold-rolled CugAu. 80-\ 


argon-ion bombardment plus copper 


evaporated on 
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FincuH and Sun(28) after they had electrodeposited 
layers of copper on single-crystal films of platinum, 
but in the case of the alloy, metal on the specimen 
could not be deposited by the back-diffusion of 
sputtered material because of the low gas pressure 
used and consequent high mean free path in the 
gas. To confirm this, two pieces of metal, both 
electropolished to holes, one of copper and one of 
silver, were placed side by side and bombarded 
under the same conditions as with the alloy. No 
copper was detected on the silver, nor any silver 
on the copper. 

(ii) Ordered CugAu. The diffraction pattern of 
a specimen of the ordered alloy is shown in Fig. 4. 
The pattern of sharp spots resulted from several 
large crystals of different orientations round the 
edge of the hole, and super-lattice spots such as 
(100), (110), etc., were abundant. After ion 
bombardment, the area round the same hole gave 
the pattern of Fig. 5. Each spot resulting from a 
fundamental reflection became a doublet, but this 
was not so for the superlattice spots, which 
remained as single spots. Thus, some of the 
original ordered CugAu was still present in the 
thin region, being presumably unaffected by the 
ion bombardment. In addition, epitaxially related 
to the CugAu, was another alloy in which no order- 
ing was present, owing either to its different com- 
position or to another disordering effect by ion 
bombardment. 

These patterns showed clearly that the effect of 
ion bombardment on the alloy CugAu was the 
formation of a layer of alloy of different composi- 
tion having a larger lattice parameter than the 
original alloy, and therefore enriched in gold. The 
layer was of an essentially uniform composition, 
since the reflections from it were not smeared into 
the CugAu reflections, but were quite separate and 
distinct. This layer could be partly removed by 
dipping the bombarded specimen into the polish- 
ing solution for a few seconds, after which electron- 
diffraction patterns showed that the intensity of 
the inner of the doublet arcs had decreased con- 
siderably relative to that of the outer arcs. This 
fact, together with the epitaxial nature of the 
doublet, indicated that the specimen had the 
structure illustrated in Fig. 6. An indication that 
the effect was a general surface effect, and not one 
occurring locally at the edge of the hole, was given 
by the observation that if the specimen was pro- 
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tected from the impinging ions except for a circular 
patch (by an aluminium mask), the circular patch 
appeared yellow after bombardment at low voltages, 
compared with the reddish-gold colour of the 
protected alloy. 


4 
a 
oe eee) 
see Mae Wye 
“B 


Fic. 6. Composition change by ion bombardment. 


a 
| 
} 
—< 
a 


A Original alloy 
B Altered layer of different composition 
t Direction of bombarding argon ions. 


The doublet is not caused by argon ions em- 
bedding themselves in a surface layer and pro- 
ducing an apparent composition change. For this 
would occur with a pure metal, and a specimen of 
copper (Fig. 7, before bombardment) does not 
show doublets after ion bombardment (Fig. 8). 


(b) Properties of the altered layer 

The patterns of both the cold-rolled and the 
ordered alloys give further information about the 
nature of the layer. An estimate can be made of 
its thickness by comparing the intensity of a 
CugAu reflection with its sister reflection from the 
altered layer. Control experiments with evaporated 
films of CugAu showed that comparable diffrac- 
tion patterns could be obtained with 50-kV 
electrons from a thickness of this alloy of about 
300 A. Figure 3 shows that the reflections from 
the layer and substrate are about equal in intensity, 
so that very approximately—as both sides of the 
specimen were bombarded—the layer on each 
side was 75A thick. A closer approximation 
could be made by condensing a layer of suitable 
metal of known thickness on the specimen, a 
method adopted for studying the effects of using 
different inert gases. 

There is evidence in the patterns that the layer 
suffered some damage. In the case of the annealed 
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specimen (Fig. 5), whereas the spots of the CugAu 
substrate remained sharp after bombardment, the 
sister spots of the surface layer were broader, more 
diffuse, and showing arcing round the Debye- 
Scherrer ring. Thus, although the orientation of 
the layer is essentially the same as that of the 
substrate, some disorientation has occurred. It is 
to be noted that disorientation also occurred on 
the pure copper specimen (Fig. 8), where it is 
comparable to that produced by cold-work.(°) 
When a specimen was repeatedly bombarded 
under the same experimental conditions, and 
electron-diffraction patterns were taken between 
bombardments, it was found that the doublets 
showed the same separation and relative intensity. 
The hole in the specimen became gradually larger 
and the weight The bombardment 
therefore removed metal, the initial stage being 
illustrated in Fig. 9 (a); the ratio of the removal of 
copper to that of gold was more than 3:1, and a 
layer was established which was richer in gold than 
CugAu. Once this layer had been formed, how- 


decreased. 


ever, the sequence shown in Fig. 9(b) was oper- 


ative. the removal of a layer from the surface of 


Altered Layer 


Fic 9(a) 


Fic. 9(b) 
Fic. 9. 


(a) Initial stage of formation of the altered layer. 


Removal of alloy by ion bombardment. 


(b) Subsequent removal of material maintaining the 


altered layer. 


thickness ¢ being accompanied by a composition 
change in a layer of the same thickness within the 
specimen. This resulted in a net loss of material 
from the metal which was of the same composition 
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as the original alloy. This last result agrees with 
the findings of FisHER and Weser@?) and of 
Hanavu(8), 


(c) The effects of energy and size of tons 

Figure 10 shows convincingly that the composi- 
tion of the altered layer is dependent on the dis- 
charge voltage and hence on the ion energy. After 
this specimen had been bombarded on one side 
only in a 5000-V discharge, a doublet pattern was 
found; on then bombarding the other side in a 
500-V discharge, the triplet pattern of Fig. 10 was 
obtained. 

A series of experiments was carried out to 
investigate how the composition and the thickness 
of the altered layer varied with both the discharge 
voltage and with the size of the bombarding ion. 
helium, argon and 
xenon—and for each of these, three voltages: 80, 
400 and 4000 V. After each bombardment the 
doublet pattern was recorded, and then a layer of 
copper of thickness about 100 A was condensed on 
to the specimen. This resulted in a triplet dif- 
fraction pattern in which the separation of the 
inner identical with that of the 
previous doublet, and the outermost reflection 


mlm : 
Three inert gases were used 


doublet is 


comes from the copper (Fig. 11). The relative 
intensities of corresponding reflections from the 
altered layer and the copper layer were judged by 
comparing them with a calibrating plate on which 
a diffraction pattern had been recorded with a 
From these relative 
intensities the thickness of the altered layer was 
estimated, after the corrections had 
been made for the difference in scattering factors 
of copper and gold atoms for 50-keV electrons. (2 
The composition of the altered layer was derived 
from its lattice parameter. The results are given 
in Table 2. 


range of exposure times. 


nN ecessary 


Copper was used rather than gold for the cali- 
brating layer, as the altered layer caused by ion 
bombardment was invariably gold-rich, and the 
two reflections would have been too close if gold 
had been used. Diffraction patterns were always 
taken within a few minutes after a copper evapora- 
tion, as evaporated copper oxidizes in air, though 
not enough to give trouble in less than 24 hr, 

The same CugAu specimen was used for this 
series of experiments. This meant that on going 
to a different voltage or a different gas, the altered 
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Positive ion 


Bombarding Discharge 
i current (mA) 


ion voltage (V) 


Time of 
bombardment 
of each side 
(min) 


Table 2. Composition and thickness of the altered layer on CugAu 


Composition 
of altered 
layer 
(atomic-per cent gold) 


Estimated 
thickness 
of altered 
layer (A) 





Helium | 80 0-4 


80 9342 





0-1 


30 43 4 





40+ 





82+ 























layers of the previous sputter and the evaporated 
copper layer had to be removed before representa- 
tive data for the new bombarding conditions 
could be established. It was found that the 100-A 
copper layer had been removed after approxi- 
mately 30 minutes’ bombardment at 80 V and a 
recorded positive current of helium ions of 0-4 mA. 
The total time of bombardment was chosen in this 
case to be 14 hr on each side of the specimen. The 
rate of removal of material increased with the dis- 
charge voltage, so that shorter bombarding times 
were used at higher voltages, as shown in Table 2. 
The ion current was selected for a given voltage 
so that the power dissipated in the specimen was 
in all cases not more than 0-2 W. 
The gas pressure in all cases was 1 » Hg. 


40 


A few bombardments were carried out at lower 
voltages, but were not followed by the evaporation 
of the copper calibrating layer. In argon, an 
altered layer was obtained with a discharge voltage 
of 21 V, and in xenon at 16 V, the composition of 
the altered layer being given for each case in 
Table 2. 

(d) Experiments with other alloys 

For the study of composition changes by ion 
bombardment, using the effect described in this 
paper, a binary alloy should have the following 
properties: 

(i) A solid solution should be formed at all 


compositions. 
(ii) The lattice parameters of the two (pure) 








62 E. GILLAM 


metals should be as different as possible, and their 
alloys should show a continuously increasing 
change of lattice constant as the proportion of one 
metal is increased from 0 to 100 per cent. 

It is clear from the variations of lattice constant 
with composition in such alloys (see, for instance, 
Ref. 30) that the copper—gold system is the best to 
use, and it has the additional advantage of showing 
the order—disorder phenomenon, so that the 
original material (ordered) and the layer of altered 
composition (disordered) can be unequivocally 
identified in the same diffraction pattern. Alloys 
of copper and nickel, and those of silver and pal- 
ladium, should show the effect, whereas the silver— 
gold alloys, having only a slight variation of lattice 
parameter with composition, should not give 
resolvable doublets in electron-diffraction patterns 
taken under the conditions of these experiments. 

Other cold-rolled alloys used in this study were 
cupro-nickel, AgAu, «-brass, AggMg and silver— 
palladium alloys of various compositions. 

(i) Cupro-nickel. A specimen of cupro-nickel 


with 20 per cent nickel by weight was bombarded 
in helium discharges at 500 and 3250 V after being 
electropolished to a hole, as previously described. 


Doublets similar to those obtained with 
CugAu. 

(ii) AgAu, Ag3Mg. 
voltages used for these three alloys were: 
(1) AgAu: 1250, 1500 and 2500 V. 

pressure 13-17 ph Hg). 

(2) a-brass: 1500 and 3000 V. (Argon pressure 
10-19 » Hg). 

(3) AggMg: 500 and 5000 V. (Argon pressure 
10-30 » Hg). 

Although these alloys were used several times, 
and cleaning and removal of material occurred, no 
extra reflections were found in their patterns. For 
AgAu none was expected, according to the discus- 
sion given above. For AgsMg a suitable change 
in composition could result in the formation of a 


were 


a-brass, The discharge 


(Argon 


new phase, and the possibility existed that new 
reflections corresponding to a body-centred cubic 
phase would be found together with the face- 
centred cubic pattern of AggMg. They were not, 
however, discovered, the composition of the 
altered layer presumably being too close to the 
original composition. 

(iii) Silver—palladium alloys. Diffraction patterns 
were obtained from each of four electropolished 


alloys containing 20, 40, 70 and 95 atomic per 
cent palladium, respectively. These patterns con- 
sisted of spotty arcs with radii corresponding to 
the four compositions. They were bombarded 
with argon ions in low-pressure discharges 
(1 » Hg) at applied voltages of 80 and 40. No 
doublets could be resolved in the patterns of the 
alloys containing 20 and 40 per cent palladium, 
but they were found for those containing 70 and 
95 per cent. The other experimental conditions 
and the compositions of the altered layers are 
given in Table 3. A discharge at 300 V was also 
used for the 40 per cent palladium specimen, but 
no resolvable doublet pattern was found. 

It has been noted above that CastTaInc@® used 
an aluminium-4 per cent copper alloy prepared 
for examination by electron diffraction in trans- 
mission. He bombarded the alloy with ions in a 
3000-V discharge, but did not observe any doublet 
patterns, but as there is only 4 per cent of copper 
initially, the changes in composition, and therefore 
in lattice parameter, of the surface layer are likely 
to be too small to produce resolvable doublets. 


DISCUSSION 

From the experiments described above, the 
following conclusions can be drawn: 

(1) When a binary alloy is bombarded with 
positive ions of an inert gas, initially more of one 
of the metals is removed than of the other, and a 
thin layer of alloy of a new and uniform composi- 
tion is formed on the surface. 

(2) When this layer has been established, sub- 
sequent bombardment under the same conditions 
gradually erodes the alloy, but the surface layer is 
always present, with the same composition and 
thickness. 

(3) The orientation of the layer is essentially the 
same as that of its substrate, though some damage 
in the form of disorientation is present. 

(4) For an alloy of fixed initial composition, the 
composition and thickness of the altered layer 
depend on the energy of the ions and on their size 
(Table 2). 

(5) For given bombarding conditions, the 
composition of the altered layer depends on the 
composition of the bombarded alloy (‘Table 3). 

(6) Both copper and gold can be removed from 
the alloy CugAu by bombardment with argon ions 
in a 20-V discharge, and with xenon ions in a 16-V 
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Table 3. Composition changes in silver-palladium alloys after bombardment with 
argon tons 











Composition of | 
alloy before | Discharge 
bombardment | voltage 
(atomic-per cent | (V) 
palladium) 


Positive 


(mA) 


ion current | 


Composition of 
altered layer 
(atomic-per cent 
palladium) 


Time of | 
bombardment | 
of each side 
(hr) 





20 80 0:5 


40 80 0:5 


70 | 80 0-5 


95 80 0:5 


No resolvable 
doublet 


No resolvable 
doublet 


4644 


13+4 





20 | 40 0-6 
40 40 0-6 


70 40 


95 40 








discharge. The relation of these results to thresh- 
hold energies for sputtering will be discussed else- 
where. 

For CugAu, both in the initial stage and during 
subsequent sputtering, more copper is removed 
than gold. This is the reverse of the result of 
ASADA and QUASEBARTH 6), who used mercury and 
water ions at a pressure of 0-2 mm Hg, though 
redeposition of material may have occurred at 
such a pressure. 

The formation of the altered layer can be 
explained by reference to Fig. 12, which shows 
schematically how the number of sputtered atoms 





Efficiency S 





Applied E (volts) 


Fic. 12. General form of relationship between sput- 
tering efficiency and sputtering voltage for pure metals. 


No resolvable 
doublet 


No resolvable 
doublet 





per incident positive ion may be expected to vary 
with the discharge voltage" 3-6) for the bombard- 
ment of pure metals. The vertical ordinate can 
be regarded as the probability that an atom will be 
removed when an incident ion makes an impact 
with the surface. Its value depends on the sputter- 
ing conditions and on the material of the target. It 
is reasonable to suppose that for the individual 
components in an alloy, curves of a similar form 
can be drawn. 

Considering the alloy CugAu, if the probability 
of removal for copper were equal to that for gold, 
three times more copper would be removed than 
gold, and the alloy would be sputtered without the 
formation of the altered layer. If it is supposed, 
however, that the probability curve for gold in 
CugAu falls below that of copper, as shown in 
Fig. 12, the ratio of copper atoms removed to gold 
atoms removed is more than 3:1, and an alloy 
more gold-rich than CugAu is formed. Further- 
more, if the ratio of the probabilities increases with 
decreasing voltage, the composition of the altered 
layer will be richer in gold the lower the voltage, 
and this is found to be so (Table 2). 
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Once the altered layer has been formed, it is 
always present during subsequent ion bombard- 
ments under the same conditions, and the material 
removed from the alloy has the composition CugAu 
(Fig. 9(a)). It might be supposed that the composi- 
tion of the altered layer adjusts itself, so that the 
probabilities of removal of copper and gold from 
the surface are now equal, resulting in its steady 
erosion. The remaining atoms to make up the 
composition CugAu of the total sputtered material 
would then have to come from the original alloy 
just behind the inner boundary of the altered layer 
and escape from the surface. This process, how- 
ever, implies that for the same bombarding con- 
ditions the composition of the altered layer would 
always be the same whatever the composition of 
the original alloy. The results obtained with the 
alloys of silver and palladium contradict this 
idea. 

Another possibility is that the composition of the 
altered layer is adjusted so that the probabilities 
of removal from it of copper and goid are such 
that three atoms of copper are removed for one of 
gold. This would tend to make the altered layer 
even more gold-rich at the surface, and some kind 
of rapid transport of atoms from the region behind 
the inner boundary of the altered layer is again 
required to restore its composition; but in this 
case they do not need sufficient energy to escape 
from the surface. This process, however, does not 
imply that the composition of the altered layer will 
be the same for all original compositions of the 
alloy: an alloy which was initially CugAu, for 
example, will form an altered layer whose com- 
position is such that two atoms of copper are 
removed for one of gold. For the same bombard- 
ing conditions, the composition of the altered 
layer will be different from that in the case of 
CugAu. 

It is clear that in order to retain the altered layer 
in successive bombardments, some atoms in the 
CugAu alloy just behind the boundary of the 
altered layer must receive sufficient energy to be 
removed from their positions in the crystal when- 
ever material is sputtered from the surface. The 
energy required to displace an atom permanently 
from a stable site in a well-bound solid is usually 
taken to be 25 eV,@2) though DucpaLe®) has 
suggested a value < 12 eV for copper atoms in 
CugAu. 
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(a) Temperature spikes 

Seitz and KogrHLer®2) describe a theory of 
“temperature spikes’ in discussing radiation 
damage in solids. According to this, a spherical 
volume with a radius, 


(100/42), (1) 


centred on the point of collision, can attain a 
temperature above the melting point (assumed to 
be 1000°K) for a time of the order of 10-!! sec, 
where Q (in eV) is the energy received by a dis- 
placed atom in a collision, and N is the number of 
atoms per unit volume. It is considered that 10-1 
sec is quite sufficient time for processes to occur 
such as the direct interchange of neighbouring 
atoms, or the formation of vacancy-interstitial 
pairs. This “mixing” process has been evoked to 
explain why the ordered alloy CugAu is dis- 
ordered by neutron bombardment more rapidly 
than would be expected simply from the number 
of atoms displaced. KINCHIN and PeasE‘%) have 
criticized the temperature-spike theory on the 
grounds that the macroscopic concept of tempera- 
ture should not be applied to the small volumes 
involved. 

However, one could take this radius, r, as an 
approximate measure of the depth to which the 
formation of vacancies and interstitials, and the 
interchange of atoms, can occur when an atom at 
the surface of the metal receives energy from an 
impinging ion. Values of r have been calculated 
for copper from equation (1) (the values for gold 
are little different) on the assumption that the 
total energy of the ion is liberated in one tempera- 
ture spike. In Table 4 these values are compared 
with the estimated thickness of the altered layer 
in CugAu. It is seen that the orders of magnitude 
are comparable, though there are notable dis- 
crepancies at low voltages. 


(b) Ion penetration 

Instead of having a long-range effect through 
the medium of temperature spikes, the ions may 
penetrate into the crystal by repeated collisions 
with the metal atoms and themselves dislodge 
atoms near the boundary of the altered layer. The 
fundamental theory of the penetration of atomic 
particles through matter is that of Bour@4), and 
his expression for the range of fast particles in 
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Table 4. Radi of temperature spikes, and theoretical penetration of ions in metals 
compared with the estimated thickness of the altered layer 


Radius of 
Bombarding | temperature 
voltage 


(V) 


spike r 


80 
400 
4000 


Helium 


80 
400 
4000 


Argon 


80 
400 
4000 


Xenon 


(neutron-cooling theory) 


Theoretical 
penetration (A) Thickness of 
altered layer 


(A) 


Theory 
not 
valid 


| 


The penetration depth, d (A), was calculated from formulae derived from those of 


NIELSON: (20) 
100 


(Z1' + Z9') 


0-7E£\{&(1—cos d)}-? 


P 


(Ao—A})? 


1+ 


where 
7 
Z 1). 19 


and cos¢ 


Zi, Z2 and Aj, Az are the atomic numbers 


and mass numbers of the incoming and 


target particles, respectively, £1 is the kinetic energy of an incoming particle (KeV) and 


p the density of the target. 


solids has been used by NIELSEN@® and Hines“), 
who found good agreement with their experimental 
results. In the present experiments, however, al- 
though the energies of the were 
sufficiently low for their collisions with the atoms of 
the solid to be regarded as collisions between hard 
spheres, other criteria laid down by BoHR were 
not fulfilled, and his equation for the range does 
not apply. 

The neutron-cooling theory of ion penetration 
in solids@®-12) can be used when the mass number 
of the ion is less than that of the atoms in the 
target, and this is the case in the present experi- 
ments (with the exception of xenon bombarding 
copper). Theoretical penetration depths according 
to this theory are included in Table 4. Again, the 


ions used 


E 


thickness of the altered layer is much larger than 
theoretical prediction at low ion energies. 

This theory of ion penetration, however, neglects 
the periodic nature of the crystal and the possibility 
that ions can move much more easily in certain 
directions within the crystal. Interstitial atoms in 
face-centred cubic crystals are considered to be 
mobile, @435) and any movement of this nature 
must involve a forcing aside of the crystal atoms, 
which return elastically to their positions when the 
disturbance has passed. A penetrating ion might 
be regarded as a fast-moving interstitial atom, in 
which case deeper penetrations would be expected 
than those given by the simple collision theory. 
Such an ion could reach the CugAu substrate just 
behind the altered layer with sufficient energy to 
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displace an atom or atoms. If this happens the 
thickness of the altered layer can be taken as an 
approximate measure of the depth to which the 
ions penetrate. 

Ion bombardment is one of the methods by 
which radiation damage can be induced in solids, 
and, though the energies used in this work are 


ug 
considerably lower than those usual in studies of 


radiation damage, it is to be expected that 
vacancies and interstitial atoms will be created as 
a result of collisions between ions and atoms and 
between displaced atoms and other metal atoms. 
Some mutual annihilation of vacancies and inter- 
stitials could occur, but it seems likely that an 
excess of interstitials is formed.) Although it 
has been suggested that in CugAu only the copper 
1S Can persist as interstitials?) (the energy re- 
o form a gold interstitial is much higher 
1at for copper), the excess interstitial atoms 
obably consist of copper and gold atoms and 
yms of the bombarding material. However, both 
vacancies and interstitials are mobile at tempera- 
tures well below room temperature and are thought 
to anneal out by being absorbed on surfaces or 
grain boundaries, or at dislocations. 

One could imagine that during the initial forma- 
tion of the altered layer on CugAu the impinging 
ions remove much more copper than gold at the 
surface, and form vacancies and interstitials along 
their paths within the alloy. Many vacancies may 
migrate into clusters and the lattice collapse to 
form dislocation rings. Most of the interstitials will 
be copper atoms, and most of these may migrate 
to the surface, as they possess high mobility. By 
doing this they will tend to restore the composition 
at the surface (which has become more gold-rich), 
but this will merely result in a continuation of the 
state of affairs in which much more copper is 
sputtered off than gold. Ultimately (as the ions 
have only a limited penetration into the metal) 
an equilibrium situation will be reached where the 
interstitial and vacancy migration just compensates 
for the further loss of copper from the alloy layer 
already deficient in copper. 

The thickness of the altered layer does not vary 
as much as might be expected with sputtering volt- 
age between 80 and 4000 V. The layer for the 80-V 
helium discharge is particularly thick, but very 
little material is sputtered off in the latter case (the 
composition is nearly pure gold, and for helium 


GILLAM 


80 V must lie close to the threshold for gold). No 
explanation of this fact can at present be given. 
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Abstract—The treatment of point 
electronic density ata 
tl is regi 

] ¢ j j +] loans 
iletime depends on the electré 
mprove the statistical treatn 
»f von Weizsacker 

1 1 

reveais the essential 


1] ealeulatior 
i CaiCUuliatiol 


is necessary ; 


singularities in metals initiated by Morr yields an infinitely large 
positive point charge, owing to the failure of the TThomas—Fermi approxima- 
yn. In the physically interesting problems involving positron annihilation, the posi- 
yn density at the positron, and to obtain a useful result it is neces- 


| 


ent. The present work discusses the modifications resulting from 
s correction. In the high-density limit, an analytical development 


changes thus brought about. For real metallic densities, how- 


we have carried this through for a unit positive 


ras of density equal to that of the valence electrons in copper. The 


1 


s eight or nine times the average electron density, indicating a 


sec. Comparison is made with the previous treatment of posi- 


EDEL. 


3rief reference is also made to the general subject of im- 


f the present findings. 


1. INTRODUCTION 
A coop deal of interest has been aroused recently 
by the use of positron annihilation as a tool for 
probing the electronic structure of solids. How- 
ever, it is becoming increasingly clear that any 
accurate interpretation of the experimental re- 
sults from such annihilation is going to require a 
rather careful quantitative study of the effect of the 
positron on the metal, and also of the positron 
wave function. Previous work has shown that the 
positron wave function in a metal such as copper 
differs very appreciably from a plane wave; 
although the calculations which have been made 
independently by Dante”) present 
writers) have actually treated the positron as 
though it moved in a uniform distribution of elec- 
trons, we do not expect that the inclusion of a 


and the 


potential representing the clustering of electrons 
preferentially in the neighbourhood of the point 


charge would greatly affect the nature of the 
positron wave function, even though it is now 
known that the calculation of positron lifetimes 
requires a somewhat careful estimate of this den- 
sity. FERRELL®), in his review of the theory of 
positron annihilation, to which the reader is re- 
ferred for further details, remarks that the usual 
simple treatment of point charges in a free elec- 
tron gas proposed by Morr) and extended and 
improved by later workers (for details see especi- 
ally the reviews by FriepEL®) and Marcu) fails 
in this region, since the potential is too strongly 
varying for the Thomas—Fermi approximation to 
be reliable. It has been suggested (Dr. J. FRIEDEL, 
private communication; ALFRED and Marcu()) 
that the inclusion of von Weizsacker’s correction 
ought to lead to a significant improvement on the 
original Thomas—Fermi results, and Dr. FRIEDEL 
has informed us that he has carried out some 
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computations of the von Weizsicker correction 
which may be particularly important, for example, 
in the calculation of the interaction energy between 
two vacancies. Our interest here, however, is mainly 
in the electron density, and we shall discuss the 
general effect of the von Weizsicker correction 
from this point of view in the present paper. Some 
analytical progress can be made in the high- 
density limit, and this is reported in Section 2. 
Then, in Section 3, the results of a numerical com- 
putation for a singly charged centre embedded in a 
free electron gas are reported, the density being 
taken as that appropriate for the conduction elec- 
trons in copper. The results of our computations 
are then discussed from the standpoint of positron 
lifetimes in Section 4, and an earlier calculation by 
DaNIEL and FRIEDEL®) is referred to. Finally, the 
relevance of our results to the general problems 
connected with the treatment of impurities and 
imperfections in metals is briefly discussed, and a 
comparison is made with some unpublished work 
by QuINN and FERRELL) reported in a brief 
abstract. 


2. EFFECT OF THE VON WEIZSACKER CORREC- 
TION—HIGH-DENSITY LIMIT 


Suppose the density of electrons in the un- 
perturbed gas is m9; when the perturbation due to a 
charge Z (using atomic units throughout) at the 
origin is introduced, let the new density be n(r) 
and the perturbing potential be V(r), r being the 
distance from the origin. If Em is the Fermi 
energy, then we have 


(1) 
and if we introduce rs as the radius of the sphere 
containing one electron in the unperturbed metal, 
then we have further that 


(2) 


The equation of von Weizsicker may then be 
written (see, for example, Marcu®)): 


(3) 


the perturbing potential V is related to the 
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change in density n—ng by the Poisson equation: 
\72V = 4n(n—n9). (4) 


If we neglect the terms in equation (3) which in- 
volve derivatives of n, then we obtain the usual 
treatment, and exact numerical solutions are now 
available from the independent investigations of 
FuytwaRA@9) and ALFRED and Marcu), These 
solutions will later prove useful in solving the 
above equations numerically, but for the moment 
we will consider only the high-density limit r; > 0, 
in which case we can obtain a useful analytical 
development. Introducing a suitable dimensionless 
variable p defined by 


p= T7/"s, (5) 


we may develop the potential and density in terms 
of an expansion parameter rs?. 
Explicitly we write 


= 7342+ 0(75*) 


17Z 
V -| +0(7) 
¥s Lp 


where «2 is a function of p only. It is easily verified 
that «2 satisfies the differential equation 


(8) 


The general solution of equation (8) is easily 
written down as 


a2 = 


A exp(—cp) B exp(cp) 
ie Amen 2 


p p 


+——:—-; (1272)*. (9) 


91 2 
J°%F* p 


In the framework of the present approach it is 
then clear that we must take as the particular 
solution 


2 r 
4 


zac a [1— exp(—cp)]. 
3375 p 


(10) 


It might perhaps be objected that this is not an 
allowable form for «2, because of the apparent fall- 
off as p~! for large p. However, this is purely a 
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consequence of our expansion procedure, and an 
argument presented in the Appendix shows that 
equation (10) can be derived by suitably expanding 
a density which does indeed normalize correctly. 
We find that, to this order in rs, we have the result 

o tends to zero 
2-31/: 1-81Z7s. (11) 


Yr 


his then is the increase in density predicted in 
rs 0 by the von Weizsicker method. 

of interest to note that if we employ a lineari- 
approximation (see Appendix) in equation 
her than a direct expansion in rs;*, then the 
result follows and the next term may also be 
It is found that for Z 1 we may 


N—y 


1-817;—1-287¢4. (12) 


Ny 


it can soon be verified by the insertion of 
| values in the linearization solutions that 


mericCa 


approximations break down before we reach 


ulistic metallic densities (for example, for copper, 
atomic and it is then necessary 
solve the full von Weizsacker equation. We 


now to discuss how this has been carried out. 


CASE OF REAL METALLIC DENSITIES 
have found no general analytical method 
h gives reliable results for real densities, and 
herefore we have devised a procedure for solving 
equations (3) and (4) numerically. However, for 
ll r, exact series expansions can be developed, 
i these prove very useful in the numerical solu- 
of the problem. In principle the potential V 
can be eliminated between equations (3) and (4), 
and from the resulting equation for the density it 


may be shown that 


ny nO yf +hyr+bo 24 heySt hyyst ... 


] (13) 


—2Z 
bo is a disposable constant of integration 
Qhe 18Z2—15Zbo—4AaiZ 
30D, —18Z4—5 Z2bo+-20Ax'Z2+-4Axibo 


+ 12b02—42(a—n19). 
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Here, for convenience we have written « = n(0), 
and 


Similarly the series for V may be written 


oe Ky 20 
1+ 7+ 


. (a—m9)72 + 
Z 3Z 


27a (byr* bor? gr bay? 


—=f- wef (14) 


10 ] 


Ky Ax. +372—$bo—Em. 


Using these starting series, numerical integra~ 
tion outwards can be commenced, and for Z = 1 
and rs = 2-66 we have, by a method of successive 
approximations, converged on a self-consistent 
solution satisfying the conditions 


n—> No as 7 —> OO 
| (n—no)4zr7? dr le 
~® 


Fic. 1. Density round unit positive charge embedded in 
free electron gas of density corresponding to rs = 2°66. 


It seems unnecessary to go into detail concerning 
the somewhat involved numerical techniques em- 
ployed, except to say that we discontinued the cal- 
culation as soon as our main object of estimating 
the density n(0) at the origin was achieved to 
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adequate accuracy. We are able with fair certainty 
to quote a value n(0)=0-11+0-01, and we 
thought it of interest to plot in Fig. 1 a density 
which must be quite near to the correct curve in 
order to show the general features of the von 
Weizsicker predictions (actually n(0) = 0-100 and 
bz = 2:62 for this solution). The corresponding 
self-consistent potential seems to be virtually in- 
distinguishable from the Thomas—Fermi values“) 
for r > ~ 2:5, although for smaller values of r the 
potential is less heavily screened, as is consistent 
with the finite density at the origin given by the 
von Weizsacker treatment. 


4. POSITRON LIFETIME IN COPPER METAL 

We now apply our result giving the increase in 
density at the point singularity to the calculation of 
the lifetime of a positron in copper. The rate of 
annihilation is proportional to the electron density 
n(Q) at the positron, and we can write for the life- 
time 7 (see, for example, FERRELL?) 


2 
no 15° 


- 10-1° sec. 


(15 
n(O) 1:2 | 


Assuming our model can reasonably represent the 
clustering of the electrons round a positron in a 
metal, we may insert for copper rs = 2-66 atomic 
units and n(0)/n9 = 8-7+0-8. We then find 


(1-8+0-2) x 1071 sec. 


The experimental result is subject to considerable 
uncertainty, a value of (1-2+0-5) x 10~-! sec being 
given by BELL and GRAHAM"), whereas GER- 
HOLM") gives (2-7+0-3)x 10-19 sec. Our result 
seems therefore in reasonable agreement with ex- 
periment. It should be noted that it is appreciably 
larger than the value obtained by DaANtEL and 
FRIEDEL'8) (0-7 X 10-19 sec). 


5. GENERAL COMMENTS ON THE IMPURITY 
PROBLEM 

We think that the von Weizsicker correction 
should give a good improvement over the previous 
self-consistent treatments based on the unmodi- 
fied Thomas—Fermi approximation. This will be 
particularly the case in regions where the potential 
is varying rapidly, and, for negatively charged 
point singularities, in classically forbidden regions, 
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into which it permits the wave functions to ex- 
tend, 

Even so, it is a somewhat difficuit matter to 
assess the overall accuracy of the von Weizsicker 
scheme, although it has been recently shown to 
have a firm theoretical variational 
method (Marcu and Youne“4)). The one signi- 
ficant comparison which it seems possible to make 
at the present time is with a result quoted only in a 
short abstract by QuINN and FERRELL"). These 
writers state that by a Hartree field calculation 


basis as a 


they find a result of the form of equation (12), but 
quantitatively given by 
n—No 


- 2:967;—1:287,?+ ... 
no 


(16) 


It will be noted that while the coefficients of rs? are 
numerically equal, there is a significant difference 
in the leading term. If, as seems likely, equation 
(16) is more accurate than equation (12), then it 
seems that the von Weizsicker method might be 
somewhat underestimating the density at the 
point singularity. However, it should be remem- 
bered that at a value of rs ~ 2-7, equations (12) 
and (16) are not useful. 


6. CONCLUSION 

We have shown how the perturbations induced 
in a free electron gas by a point singularity may be 
usefully studied by means of the von Weizsacker 
method. While, however, general results have 
been obtained for very high densities, for real 
metallic densities laborious numerical calculation 
is necessary and has been carried out for a single 
positive charge in a gas of density equal to that in 
copper metal. Finally, application has been made 
to the lifetime of a positron in copper, a value of 
1:8 x 101° sec obtained, in reasonable 
agreement with experiment. 


being 
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APPENDIX 


We show here how the results embodied in equations 
(11) and (12) may be derived by a linearization procedure 
resembling that Motr,) who 


neglected the von Weizsacker correction. Since, as dis- 


employed earlier by 


cussed earlier, for high densities n—no/no is O(rs), an 
rder-of-magnitude argument shows that in the limit 
s —> 0 the term in (\/n)* in equation (3) may be omitted. 


Thus we can consider the equations 


2V 4n(n—no) 470. 


now replace n—mo by the linearized form 


we must then solve 


and N. H. 
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It should be emphasized that in contrast to the original 
treatment of Mort, in which 7 is infinite at the point 
charge, 7 is finite in our case and in the limit rs > 0, 4 is 
indeed a correction to mo everywhere. 

Investigation now reveals that equations (A.2) and 
(A.3) may be solved in a straightforward manner. Thus, 
it is easily verified that we may write for 6: 


exp(— a+) exp(—x_’) 


(A.4) 


and correspondingly for V 


33293 4ng 


a. y. > 
a Far 4ng )4 
where 
a 1+(1- — a ) : 
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(A.6) 


In order that V shall tend to Z/r as r tends to zero, we 


must take ; 
4noZ 
(A. 


It is easily verified that 5 given by equations (A.4) and 
(A.7) normalizes correctly, and that on expansion in 
terms of 752, equation (10) is reproduced. Equation (11) 
then follows immediately, and the estimate of the next 
term given in equation (12) has been made using equa- 
tions (A.4), (A.6) and (A.7). We should emphasize that 
while equation (11) is an exact consequence of the von 
Weizsacker method in the high-density limit, the term of 
O(rs?) in equation (12) is subject to approximation. 
Finally, we may note from equation (A.6) that as soon 
as 4°32'3 ‘74not (= 1-99rs) becomes comparable with unity, 
the above treatment cannot be valid. Since rs = 2°66 for 
copper, the necessity for the entirely numerical investiga- 
tion reported in Section 3 for realistic metallic densities 


is immediately confirmed. 
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Abstract—It is pointed out that in antiferromagnetic iron-group difluorides, MnFe2, FeFe2 and CoFs, 
a linear compression in the ab-plane can produce magnetization along the c-axis. The magnitude of 
this piezomagnetic moment is evaluated theoretically for CoF2, in which the largest effect is expected. 
The estimated order of magnitude of the magnetization is a few tenths cgs under a pressure of 100 


kg/cm? along the [110] direction. 


1, INTRODUCTION 

THE possible existence of piezomagnetism in some 
antiferromagnetic crystals has recently been pointed 
out by DzIALOsHINSKI”) from considerations of 
crystal symmetry. He mentioned as examples 
a—FeeO3 and MnFo, FeFso and CoFs. In these 
fluorides, he states, shear strains ozz, cyz will be 
accompanied by magnetization along the y, x 
directions respectively, though he does not give 
their orders of magnitude. 

The purpose of the present note is to point out 
that in MnFos, FeFs and CoF» even a linear com- 
pression in the ab-plane, say along the [110] 
direction, can produce magnetization along the 
c-axis, and to estimate its order of magnitude in 
the case of CoFs, in which the piezomagnetic 
moment is expected to be especially large. 

The crystal structures of iron-group difluorides 
are of the rutile type.) There are two kinds of ca- 
tion sites, the corner and the body-center sites, in 
these crystals, as shown in Fig. 1. The crystalline 
fields around these two kinds of site differ only in 
that their principal axes, x and y, are interchanged. 
In their antiferromagnetic states, the ions on one 
kind of site form one sublattice, say of up spins, 
and those on the other kind of site form another 
sublattice of down spins. The sublattice magneti- 
zations are along the + c-directions. 

When the linear compression in the ab-plane is 
applied, the crystalline fields around the two kinds 


versity. 


of site are no longer the same, even if we allow for a 
rotation around the c-axis by 90°. The magnetic 
moments of the two kinds of spin in the exchange 
field should in general differ owing to the different 
anisotropic fine-structure couplings and the differ- 
ent g-factors. Therefore, net magnetization will 





Fic. 1. The rutile-type crystal structure of CoFs. Solid 
circles are cations, open circles anions. 


arise just as in ferrimagnets, provided that the life- 
time for the interchange of the + and — sub- 
lattices is sufficiently long, as is actually the case. 

This effect will be most significant in CoFs, less 
so in FeFs, and least in MnF2. In MnF», magnetic 
anisotropy is much smaller than in the other fluor- 
ides, and it arises mainly from dipole-dipole inter- 
action between spins; the crystalline electrical 
field contributes only 10 per cent to the aniso- 
tropy.®) Piezomagnetism will thus be smallest in 
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this substance. In FeF¢ the electric splitting of spin 
levels is comparable with the exchange interaction, 
and in CoFs the former is even larger than the 
latter. In this situation, the sublattice magnetiza- 
tion depends to a considerable extent on the elec- 

splitting. In fact, theoretically the sublattice 
spin value in CoFo is 1-19 at 0°K,@) which is con- 
siderably smaller than 3/2. On the other hand the 


sublattice spin value in FeF» is estimated to be 
9, very near to 2, at 0°K.©) This fact seems to 
gest that piezomagnetism of the type we are 


1dering here 


is much larger in CoF» than in 


2. PIEZOMAGNETISM IN ANTIFERROMAGNETIC 
CoF2 
study of the magnetic anisotropy 


NAKAMURA 


heoretical 
been made by and 
experimental results‘) seem to be 
t least semiquantitatively, by their 
- shall adopt their model, 1.e. we 

that we can safely take a spin Hamil- 

that implies that the lowest excited orbital 
lies well above the ground orbital state, which 
itself is not degenerate. Adopting the molecular- 
field approximation, we have the following Hamil- 


onian for the spins on the two sublattices: 


— Dj Si2— Ei Siz? — Siy?) + Si + hi, (1) 


of co-ordinate axes for 1 1 


y-axes are interchanged. 


sites. 


1e X= and 


Paramagnetic resonance of Co?+ in ZnFe has been 


bserved by TINKHAM?) and by Stout‘). They have 
given the g-values and the hyperfine coupling constants 
WI 1/2 manifold). 
NAKAMURA and 'TAKETA’s theory seems to be consistent 


with these measured values.'® 


ithin the lowest Kramers doublet (,S’ 


where 7 = 1,2 represents ions on the + and — 


sublattices, respectively, and 
h, 2Jz So 
ho 2 Jz S; Ps 


J being the exchange integral, z the number of 
nearest magnetic neighbors. The definition of the 


1. The 


eigenvalues of equation (1) are easily obtained as 


co-ordinate axes are shown in Fig. 2 for 7 


follows: 


hy (Ditshy—{(Di-hi)r +: 


— {Di— it {((Dithi)P+3 


+ Uy + {(Di—hy)?2-+- 


Di— $i (Dit hi)? + 3EP} 


j 


We know that D; > 0, Do 


without loss of generality / 


Q and we assume 
0, ho > 0, Ey > 0, 
E2 < 0. Then we see from inspection of equation 
(3) that the lowest state energies of ions 1 and 2 are 
respectively 
—_— (Di +hh— (D\—hy 24 3 fy28 
{Do—the—{(D2+he2)?+ 32} '. 
The sublattice magnetizations at 0°K are obtained 
as follows: 


(D,—/1) 


2+ 77 9 
{(D,—hy)?+34)2"3 


(D2+he) 
OUR ho {(Do+he)?+ 3. E528 


In the normal state under no compression, where 


ini De, Fj=-kp=E, (6) 


Me" 
2UB 
D+2JzSo ‘ 
*" (D+2JzSo)2-+3E* “) 
Under a compression, the relations (6) no longer 
hold; we write instead 
S) — So+8So, 


(8) 


So+5S1, S,2) 
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D,; = D+68D,, 
Ey = E+6F\, Es 


Do — D+5Daz, | 

- —E48E>.| 
5S;, 5D;, 5£; are regarded as linear functions of 
strain or stress. Inserting equations (8) and (9) 
into (5), we get 


6D,—5De 


3 E2D| . 


5S] +6585 = 


There is another contribution to the piezomagnetic 
moment, i.e. the change of g-factors due to com- 
pression. Writing 
&zt0L1, 
Szt ge, 


} (11) 


we have as a net magnetic moment per pair of 


spins 
(12) 
Summing up the contributions (10) and (12) and 


using the following numerical values of parameters 
estimated by NAKAMURA and 'TAKETA: 


(6g1—8g2)uBSo. 


= 348k, 
(13) 


Dj= 17-9k, E 
So = 1:19, 


36:2k, Jz 


we get 
dF +6 
‘és 


64 +6Mo SzeB —0-3 
| E 


§g1—Sg2) 


&D.~8Da 
41-19 


+0-09 (14) 


o 
S 


at O°K. We can easily show that the influence of 
the change of J, the exchange interaction, due to 
compression is not important; it vanishes in the 
first-order effect. 

We have now only to estimate 6£, 4D and dg as 
a function of strain or stress. However, to do this 
is not an easy task at present because of the absence 
of any clear understanding of the origin of the 
crystalline electrical field in this crystal. We can 
consider the contributions to the crystalline elec- 
trical field from distant charge, overlapping charge 


. ) —3£*(D+2Jz50)( 


and partial covalent bonds. Though these iron- 
group difluorides may be regarded as more ionic 
than oxides or hydrated salts, where the covalent- 
bond contribution seems to be predominant, the 
numerical calculation of the crystalline electrical 


dF +0 E> 
E 


(D+2JzSo)2+3E2}!+6E2Jz. 


field based on the point-charge model did not give 
a result which could explain the magnetic aniso- 
tropy of this salt. 

We are here compelled to content ourselves with 
the following simple reasoning. Equation (14) con- 
sists of three terms, of which the first one seems to 
be the largest, since the orthorhombic character 
of the crystalline electrical field is essential in this 
problem. The second and the third terms might 
roughly be of the same order of magnitude, as we 
see from the following considerations. According 
to the crystalline-field theory, D, E and g are 


written as follows: 


D = —(2A.—Ar—Ay), 


2(1—AAz), 


(g Bin 1)(2 L,|2) 
ie ba » tC, 


red Ei;—E, 
U) 
where A is the spin-orbit coupling constant, and g 
and 7 represent the ground and the excited orbital 
states, respectively. If we tentatively assume that 


dAx — dAy, we get 


5D 
D 


The numerical value for CoF2 is (gz Lz 
In order to get some idea on the order of mag- 


e 


nitude, we shall take only the first term of equation 
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(14) and further assume 


(16) 


where A; is defined by the following expression for 
the crystalline field potential around the ion of the 


ith kind: 


Vi(r) = Ai(x?—y?)+B(32°2—7*)+ 


+ (fourth-order terms). 


If we take account of the contributions to A; from 
the six fluorine ions nearest to the Co?* ion and re- 
gard them as point charges, we can easily cal- 
culate §A;/A; as a function of strain or stress. We 
shall show the result when a linear stress is applied 
along the [110] direction, the x-axis in Fig. 2. 
Assuming uniform deformation in the crystal, we 
get 


6A; 
A; 


(— 1550; —0°35;;+1359;)T, (17) 


where s;;’s are elastic compliance factors. Further 
assuming, though not necessarily correctly from 


the microscopic point of view, 


64\+6A2 
A 


(19) 


where the relation A; — Aso = A was used.* We 


estimate therefore, taking s}; ~ 10-® cm?/kg, 
6M, +6Me ~ —5gzup(Su—Si2)T 


~ —5x 10-%g,427(in kg/cm?). (20) 


Under a compression of 100 kg/cm?, we get a mag- 
netic moment of 0-6x10-% Bohr magnetons per 
ions, which corresponds to a magnetization of 
M = 0-2 cgs. 

Finally, we should mention that the actual mag- 
nitude may be larger than the above-estimated 
value, because the actual crystalline field potential, 
to which overlapping charges and partial covalent 


* (8B,—65Be)/B was calculated in the same way, and 
the value is —6(s11—s12)T. We see, therefore, from equa- 
tion (14) that the second term is one order of magnitude 
smaller than the first term and of the same sign. 


bonds may make contributions, may show 
stronger dependence on the interionic distance 
than that calculated on the point-charge assump- 


tion. 


3. DISCUSSION 


We have shown in this note that in antiferro- 
magnetic MnF2, FeF2 and CoF: even a linear 
compression in the ab-plane produces a magnetic 
moment along the c-direction. This effect is con- 
sidered to be especially significant in CoF2. An 
order estimation for CoF2 shows that the piezo- 
magnetic moment of this type is considerable. 

This effect will be observed by direct measure- 
ments of the piezomagnetic moment if the crystal 
has only one domain or a small number of do- 
mains. Fluorine and/or cobalt nuclear resonance“) 
will provide a sensitive method for detecting the 
possible unbalance of the sublattice magnetizations. 
This method will not be affected by the existence 
of domains. Optical Faraday rotation”) and the 
method of observing domains by using super- 
conducting (niobium) powder ®)+ may make it 
possible to see antiferromagnetic domain patterns, 
or to see whether domains really exist or not in 
antiferromagnetic CoF». In conclusion, we would 
stress that the piezomagnetic moment will be re- 
versed in sign when the antiferromagnetic sub- 
lattice magnetizations are reversed in sign. This 
suggests the possibility of measuring the relaxation 
time for the interchange of the sublattice mag- 
netizations in an antiferromagnet. 
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Résumé 


ymportement d’un petit systéme quantique dans un milieu faiblement 


ide d’un formalisme hamiltonien; |’effet du milieu considéré apparait 


“‘renormalisés’’ 


qui sont obtenus 4a partir des opérateurs 


dynamique dépendant de la température, différant 


2, 570 (1957)) par le remplacement d’un commutateur par 


a des relations de 


} 
Al ics 


j 


causalité, de symétrie et 4 des relations 


systemes sont composés de particules interagissant par un 


t a la transformée de Fourier unilatérale de la fonction de corrélation 


ica 24, 409 (1958)); 


ce résultat permet de généraliser |’hamiltonien des 


Nozizres (Phys. Rev. 109, 762 (1958)). La théorie générale est 


s coulombienne 


, ] 
nt un gaz d’électrons et dans celui des excitons dans le 


\ Hamiltonia 


Abstract 
in a weakly 


s, et certains résultats nouveaux sont obtenus dans 


s solides. 


malism is developed to study the behavior of a small quantized system 
dissipative medium; the effect of the medium appears in this Hamiltonian through 


ed’’ operators which are obtained from the primitive ones with the help of a temperature- 
iynamical admittance tensor, differing from Kuso’s admittance (J. Phys. Soc. Japan 12, 


: 1 
by the replacement « 


f a commutator by a product. This tensor, which exhibits causality, 


di 
and thermodynamical relations, is shown, when the systems consist of particles inter- 


ting through a binary potential, to be essentially the one-sided Fourier transform of VAN Hove’s 


correjatior 


1 function (Physica 24, 409 (1958)); using this result, it is possible to generalize the PINEs- 


Nozieres (Phys. Rev. 109, 762 (1958)) minority-carriers technique. The general theory is applied to 


} + 
D 


ons in solids are derived. 


1. INTRODUCTION 
Dans de nombreux problemes de physique, on est 
amené a étudier le comportement d’un petit 
systeme, c’est-a-dire d’un systeme comportant peu 
de degrés de liberté dans un milieu en comportant 
en principe une infinité; on peut alors essayer de 
effet du 


systeme a l’aide de quelques grandeurs physiques : 


caractériser milieu considéré sur ce 
constante diclectrique, perméabilité magnétique, 
fonctions de corrélation, etc., et qui peuvent sou- 
vent étre obtenues, du moins partiellement, ex- 
périmentalement. 

Cette étude est li¢e a celle de la réponse du grand 
systeme, c’est-a-dire du milieu considéré, a une 


\teractions, and some new results concerning charged particles moving in an electron gas 


sollicitation extérieure; ce probleme a été traité 
notemment par CALLEN !,2), et plus réecemment par 
Kuso®), d’une maniére générale dans |’approxi- 
mation linéaire dans laquelle il se ramene a la 
détermination d’un tenseur d’admittance qui, 
comme l’a montré Kuso, est la transformée de 
Fourier unilatérale d’un commutateur. Nous ver- 
rons qu’une admittance dynamique, différant de 
l’admittance de Kuso par le remplacement du 
commutateur par un produit, permet d’introduire 
l’effet du grand systéme, supposé faiblement dissi- 
patif, dans un hamiltonien effectif décrivant le 
petit systéme; ces résultats généralisent ceux ex- 
posés dans une note précédente. 
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La dérivation de cet hamiltonien effectif fait 
l'objet de la deuxieme partie de ce travail; on 
l’obtient, apres avoir effectué une transformation 
unitaire correspondant au second ordre de la 
théorie des perturbations, en prenant une moyenne 
statistique de l’hamiltonien transformé sur les 
états du grand systéme; le tenseur d’admittance 
dynamique qui s’introduit dans cet hamiltonien 
effectif se sépare naturellement en un tenseur 
équivalent a celui de Kuso et en une correction 
dynamique. Nous effectuons ensuite le lien avec la 
théorie de Wancsness et BLocH®~9) qui décrit 
l’évolution du petit systeme dans le formalisme de 
la matrice densité de von Neumann. 

Dans la troisieme partie, les propriétés du ten- 
seur d’admittance dynamique sont ¢tudiées avec 
plus de détails : relations de symétrie, de causalité, 
et relations thermodynamiques; ces dernicres lient 
la correction dynamique aux admittances de Kuso 
et donnent un aspect nouveau des relations de 
fluctuation-dissipation. Finalement la séparation 
du tenseur d’admittance dynamique en tenseur 
hermitien et antihermitien est illustrée du point de 
vue physique par leur lien respectif avec les 
problemes de self-énergie et de dissipation. 

Le formalisme général est appliqué dans la 
quatrieme partie aux systémes de particules in- 
teragissant par un potentiel binaire; dans ce cas, 
les résultats précédents se simplifient par l’utilisa- 
tion d’une représentation de l’interaction diagonal- 
isant le tenseur d’admittance dynamique; celui-ci 
apparait alors simplement comme la transformée 
de Fourier unilatérale de la fonction de corrélation 
de paire de VAN Hove911), Apres avoir défini les 
fonctions diélectriques, nous comparerons nos 
résultats 4 ceux de FANo?) et a ceux de PINES et 
Nozizres(!3,14) et nous discuterons les modifications 
que notre théorie apporte a l’hamiltonien effectif 
des porteurs minoritaires de ces derniers.(%) Nous 
donnerons ensuite quelques propri¢tés générales 
des fonctions diélectriques qui se déduisent aisé- 
ment des relations établies dans la troisieme partie. 

La derniére partie est consacrée a quelques ap- 
plications aux interactions coulombiennes; les 
résultats classiques de LinpHARD 5) concernant la 
self-énergie complexe et la perte d’énergie d’une 
particule chargée traversant un gas d’électrons sont 
étendus, compte tenu du caractere dynamique de 
la particule et de la température du gaz. Les fonc- 
tions diélectriques dans les solides parfaits, qui 
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peuvent étre calculées rigoureusement dans |’hypo- 
these de la “random phase approximation” de 
Pines et Nozrzres%), sont ensuite utilisées pour 
déterminer l’effet polarisant des électrons de 
valence sur les états excitons dans les cristaux 
polarisables ou l’interaction électron—trou apparait 
sous la forme d’un potentiel effectif généralisant 
tres simplement le potentiel coulombien. 


2. HAMILTONIEN EFFECTIF 
Considérons un systeme décrit par un hamil- 
tonien H tel que 


H = Ho+Hint .1) 


ou Hint est sufisemment faible pour qu’on puisse 
se limiter au ‘second ordre en Hy; dans un calcul 
de perturbation. 

Effectuons la transformation unitaire 


H = e-F HeF 


ou l’opérateur antihermitien F est donné par 


F Hint|m><m). .3) 


hos Em—Hp—te 


Dans cette expression, Ej, et |m) 
ment valeur propre et vecteur propre normé a 
l’unité de Ho; € est un nombre réel quelconque que 
nous choisirons positif. La somme est étendue a 
ensemble complet de vecteurs propres ortho- 
normés de Ho dont le spectre est supposé discret; 
tout spectre continu pouvant étre considéré comme 
la limite d’un spectre discret lorsque les dimen- 
sions spatiales du systeme croissent indéfiniment, 
l’expression (2.3) peut étre conservée dans le cas 


sont respective- 


général. 
Au second ordre en Hint, equation (2.2) donne 
pour l’hamiltonien H 
H = H+{H, F|—HF, [Mo, FI]. 
On a, si|g> et |p> sont deux vecteurs propres de 
Ho 
q\[Ho, F'|p > = | —1- - 


Ep— E,—ie) 


(2.4) 


le 

q Hin Pp 
(2.5) 

d’ot 


[Ho, F] = —Hinr—teF (2.6) 


et par conséquent, en portant (2.6) dans (2.4) 


H = Hy—ieF+ PHimF (2.7) 
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le signe # indique que seule la partie hermi- 
tienne de l’opérateur considéré doit étre conservée. 
Les éléments de matrice de ieF 
de Ho sont 
ceux de H;y; entre les états de méme 
Hoy et sont nuls dans les autres cas; 


nc un paramétre qui mesure la quantité 


entre états 


les mémes, dans la limite 


nts non diagonaux de Hip; conservée apres 
{9 ?) 


* nous traduirons ce fait en 


(2.8) 


(2.9) deécrit le 
Hint a 


S nous sup- 


ordre en 
- toutefo! 
orie générale que 


- toute ambiguité; 


7 " 7 
lites, le systeme 
° ; haa - . 
ons spatiales infinies. 
le cas ol. H est l’hami- 
interaction est 


,; Nous posero! Ss 
H Ho+ Hs (2.10) 


décrivent les deux systemes en I|’ab- 
n. Le systeme s+c est placé dans 
la température 7' et nous sup- 
oserons que o est sufhsemment petit pour ne pas 
lifier l’équilibre de température du systeme s 
qui lui peut étre pris aussi grand que l’on veut; si 
l’autre part la durée de vie 7 des états propres de 
H7, qui au second ordre en Hn; est due aux transi- 
tions réelles provoqueées par Hint“) (avec er > h), 
est appréciable, on peut décrire le systeme o 
compte tenu de l’effet de polarisation du grand 
systeme s, par l’hamiltonien effectif obtenu en 
prenant une moyenne statistique de H sur les 
états de s. 
Introduisons l’opérateur densité p*(T) relatif au 
systeme s ala température 7; on a 


p(T) - 7 m® >pm(T) <ms .11) 


ms 


ou |m*» est un vecteur propre de H® et pm(T) le 
poids statistique affectant |’état |m® > a la tempéra- 
ture 7’; on peut aussi écrire 


p(T) = c exp(—H/kT) (2.12) 


ou c est une constante normalisant la trace de 
p*(T), prise sur les états du systeme s, a l’unité. 
L’hamiltonien effectif peut alors s’écrire 

Hen He + 'Trp(T){H—Hp} 
la trace étant prise sur les états du systéme s. 


Posons 


(2.14) 


ou les opérateurs Vp et Up (et leurs adjoints) ne 
dépendent respectivement que des variables des 
systemes s et o; un développement du type (2.14) 
est toujours possible, par exemple en choisissant 
les Uy de telle maniére qu’ils forment un systeme 
d’opérateurs orthonormés complet relativement 
au systeme o. Désignons par Em: et Emo les valeurs 


propres de H® et H® correspondants aux vecteurs 


propres m° > et im ;ona 


V>*>r etant la moyenne de Vp* a la tempéra- 


ture 7. Définissant par analogie avec (2.8) 


—_ sc 


—H°—t 


on peut é€crire (2.15) sous la forme 
Tr p(T) Hin 


On trouve aisément pour les termes du second 


ordre, 


l 
Tr p(T)R> Hin — —— Hiny|m > <m| 
m Em—Ho—te 


RY Ug Ue a> Ug'Ugt (2.18) 
q q 
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> Top(@m7n?} T) n?| l z 


Pp 


, Tap (—amene; T’) <n?\ l 


Pp 


ou 


n?| Ug|m? * 


ol TT ‘| ayo 
n°|Uq'|m 


en définissant 


hamone Emo—Ene; homens Enm— 
et 
Tap; T) 
I ge <m|V 9|n3 > <n8| Vp+|ms 
ze Pms( 1 > : 
h W— Wysms— le 


m° n* 


Tap (@; T) 


i < 
‘ Pi: os i, 
5 D, Pm) > 


De (2.13), (2.17), (2.18), on obtient 


Hen H+ V+ rUy?+R> Us Os 
Dp q 


d 
2.24) 


m| Vp*|ns 


W— Wyims+le 


Pour |’interprétation physique du tenseur (2.22), 
il est commode de poser 


U,} 


On voit immédiatement que U,! et U,? peuvent 
étre définis par |’équation (2.29) ot l’on remplace 
7 qp(; T) respectivement par 
Pap (w; T) = Tgp; T)+7 gp (—®; T)} 
(2.27) 
Maqp(w; T)—r¢p'(—; T)}. 
(2.28) 
Introduisant les opérateurs (2.25) et (2.26) dans 
(2.24), on obtient la forme suivante de l’hamil- 
tonien effectif 


ie = W+> Vp’ 
p 


Pop(w; T) = 


rl p+ 
(2.29) 


+42> (Ua, Ud] + Ue, UED 
q 


ou [ |, désigne un anticommutateur. 


F 
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Dans les termes du second ordre de (2.24) et 
(2.29), le systeme s s’introduit uniquement par 
l’intermédiaire des tenseurs 7 gp(w; 7’), ou Pgp'(o; 
T) et Pgp?(w; T) qui font passer des éléments de 
matrice de Up aux éléments de matrice ‘“‘re- 
normalisés”’ par les transitions virtuelles du grand 
systeme s. Nous appelerons ces tenseurs, suivant 
une terminologie courante dans l'étude des phéno- 
menes linéaires, des tenseurs d’admittance;, toute- 
fois, ’hamiltonien (2.29) ou intervient un com- 
mutateur montre que le tenseur Pgy?(w; T) 
n’interviendrait pas si l’opérateur Up était rem- 
place par la fonction U,(t) qui correspondrait a la 
variable dynamique U, dans le cas ou le systeme 
o pourrait étre remplacé par un ensemble de forces 
extérieures agissant sur s; le tenseur Pgy*(w; 7) 
apparait ainsi comme une correction dynamique 
au tenseur d’admittance Pgp'(w; T) que nous 
identifierons d’ailleurs plus loin (a un facteur —} 
pres) a celui introduit par Kuso) qui caractérise, 
dans l’approximation linéaire, la réponse d’un 
opérateur du systeme s a une sollicitation ex- 
térieure. Pour résumer cette discussion, nous 
appelerons plus particuli¢rement wgp(w; 7) le 
tenseur d’admittance dynamique du systéme s a la 
température 7, Pgp!(w; T) le tenseur d’admittance 
classique et Pgp?(w; T) la correction dynamique. 

Nous conclurons ce paragraphe en comparant 
Hess a Vopérateur d’évolution qui apparait dans la 
théorie de WANGsNEss et BLocu. La théorie de 
WANGSNESS et BLocu), développée par BLocH ®,7), 
REDFIELD) et Fano), décrit l’évolution de la 
matrice densité d’un petit systeme en présence 
d’un grand systeme. Dans le cas qui nous concerne 
(H* indépendant du temps), |’équation donnant 
cette évolution peut s’écrire (équation (2.56) de 
BLocu(?)) 


06 
th— 
ct 


[H, o]+I(c) (2.30) 


H = hE+hA+hAr (2.31) 


en adoptant les notations de BLOCH. 

L’opérateur Hi différe de Hoss par 

(1°) la présence de termes non diagonaux au 
premier ordre dans HA qui sont éliminés par notre 
transformation unitaire, 

(2°) l’'absence du terme causal te, 
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(3°) une approximation que BLOCH et REDFIELD 
ont effectué pour rendre AI’ hermitien. 

Toutefois, si cette derniere approximation n’est 
pas faite, si on néglige les termes non diagonaux de 
AA (d’ailleurs sans grande influence sur ]’évolution 
de c« comme |’a montré BLOCH), on peut écrire 


2.30) sous la forme 


CG 


th Hep, o]+I°'(c) 
Bp lems oT (2.32) 


ou Hee apparait explicitement et ot I’(c) différe 
de I'(c) non seulement parce que |’approximation 
du (3°) n’a pas été faite, mais aussi par suite du 
passage dans H de la partie hermitienne d’un 
terme contenant le facteur causal 7e. Nous voyons 
donc que notre Here est implicitement contenu 
dans la théorie de WANGSNESS et BLOCH sous sa 
forme récente 8) mais que son explicitation 
n’apparait pas clairement sous forme d’un hamil- 
tonien approximatif. 


3. PROPRIETES DES TENSEURS D’ADMITTANCE 
Definissons par f(m) = T f(t) la transformée de 


Fourier de f(t); on a 


l , 
‘e) = = | exp(twt)f(w) dw (3.1) 


| exp(—iwt)f(t) dt = Tef(t). (3.2) 


T(w) 
Cherchons la transformée de Fourier inverse du 


tenseur d’admittance dynamique, 


= 
7 qj (¢> 2) > exp(1wt)797(w; T) dw (3.3) 


exp(twt) 


aw. 


~ W—Wytm'— le 


Apres intégration dans le plan complexe w, on 
obtient 
(3.4) 


pour 


rop(t; T) = i/h<Vq(0)Vp*(t) >ru,(t) 


ou u(t) vaut exp(—e?) t>0O0 et O 
t < 0; V,*(t) est ’opérateur V,* a l’instant ¢ dans 


pour 


la représentation d’Heisenberg du systeme s non 
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perturbé (représentation d’interaction), c’est-a- 
dire 
Vy*(t) = exp[+(7/h)H*t/h|]Vp* exp[—(1/h)H*t/h]. 
(3.5) 
Par un calcul analogue, on obtient 
‘tqplt; T) —ifh<Vy*(t)V (0) >ru(t) (3.6) 
ou ‘m¢gp(t; T) est cette fois la transformée de 
Fourier inverse de 7gp'(—o; T). 
De (3.4), (3.6), (2.27), (2.28), on déduit 
mapw; T) = To(i/h)u(t) V qO)Vp*(t) >r 
Pap'(w; T) 


(3.7) 


Pop*(w : T) 


La relation (3.8) montre que le tenseur d’ad- 
mittance classique est 4 un facteur —} pres égal a 
celui de Kuso qui décrit la réponse AV p*+(t) a une 
sollicitation extérieure proportionnelle a Vg. 
D’autre part la correction dynamique apparait 
comme une fonction de corrélation du type fré- 
quemment envisagé en mécanique statistique. On 
sait que les théorémes de fluctuation—dissipation 
étudiés notemment dans les références (1), (2) et 
(3) relient des admittances a des fonctions de cor- 
rélations; ces théorémes apparaissent ici liés a 
l’existence d’un tenseur du type (3.7) qui carac- 
térise entiérement, a l’ordre envisagé, l’effet du 
systeme s sur un petit systeme o et nous allons 
d’ailleurs retrouver des théorémes analogues en 
étudiant maintenant les propri¢tés des tenseurs 


d’admittance. 


(a) Relations de causalité 
Désignons par 7gp5(m; T) et mgp4(w; T) les 
parties hermitienne et antihermitienne du tenseur 
T gp}; T), c’est-a-dire 
dargp(w; T)+7pq*(w; T)' (3.10) 


Tap4(w; T) d{ tr gp(w; T)—7pq*(w; T)} (3.11) 


et définissons de maniére analogue les tenseurs 
D 1S P_ 1A Pes Pp. eA 
Po » Pop > f qp 3 Pop . 

Considérons la fonction de la variable complexe 
7 qp°(w; T) definie par le prolongement de la fonc- 
tion 7 gp(w; 7) définie en (2.22) dans tout le plan. 
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Cette fonction est analytique partout sauf sur l’axe 
réel ot elle présente des singularités qui dans la 
limite ou le spectre de H® est continu deviennent 
des lignes de discontinuité; a l’infini, cette fonc- 
tion décroit en module comme 1/|«. 

Intégrant la fonction 7gp°(w’; T)/@—w’ le long 
des contours Cj et C2 (Fig. 1) on obtient d’aprés le 
théoreme de Cauchy 


1 f mgp(w'+ie; T) 
top(w+ie; T) = — st map'(w tte; | ] 
7 


, 
w— Ww 


© 
4 


NC, 


Axe reel 





Fic. 1. 


signifie que seule la valeur principale de |’intégrale 
doit étre considérée. 
Tenant compte de 


Taw; T) = mqp"(w—te; T) 
Tpq*(w; TL) = 


et de (3.10), (3.11) on obtient en ajoutant et en 
soustrayant membre a membre (3.12) et (3.13) 


= Tqp'(w+te; T) (3.15) 


On vérifie immédiatement que ces relations sont 


valables séparément pour les tenseurs Pgp(w; T) 
et Pgp*(w; T); elles sont du type des relations de 
Kramers—Kronig et contiennent les équations (7.3) 


et (7.4) de Kuso. ©) 


(b) Relations thermodynamiques 
De (3.11), (2.22) et (2.23) on déduit aisément 


; 
tp*(w; T) = 52, Pm T)> <m*|V qin’ 
m* n* 


€ 
x <n8|Vyt|m>> — - 
(w— nim)? +e 





(3.18) 


Tt qp4A(—w; T) = —tgqp4(w; T) exp(—fw/kT) 
(3.19) 


Pour établir cette derniére relation on a tenu 
compte de 
Pm T) = Pn( T) exp(—hwnsm:/kT) (3.20) 
exp(—hwy:m:/kT) —— "Far 
(w— wnm:)?+e? 
€ 


rn 


(w— wn'm')?+ é 


(3.21) 


cette derni¢re égalité n’étant rigoureuse que dans la 
limite « — Of, De (3.18), (3.19), on déduit im- 
médiatement en considérant (2.27) et (2.28) 

. A __t—exp(—fhw/kT) 
Pow; T) = map(w; T)— 


yy 


rn 


A 1+exp(—fw/kT) 


Tap; a 


2A ; 
Pow; T) = eee 


Pop(w; T) = Poo(w; T) Th(he/2k7). 

(3.24) 
Ces relations entre parties antihermitiennes des 
tenseurs d’admittance peuvent s’écrire en fonction 
des parties hermitiennes a l’aide des relations 
(3.16) et (3.17) si le passage a la limite « > 0 se 
fait sans ambiguité. Considérant en particulier la 
relation (3.24), on retrouve ainsi les théoremes de 

fluctuation—dissipation sous une forme nouvelle. 





t Les relations thermodynamiques ne sont donc 


rigoureuses qu’aprés passage 4 la limite « > 0. 
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Les relations (3.22), (3.23), (3.24) sont parti- 
= ( 


culiérement simples si 7’ = 0; on a alors 


c) Relations de symétru 


Comparant (2.22) et (2.23), on obtient 


(3.27) 


Tw _« p (; T) Tap (; T) 


4 


ou les tenseurs d’indice —g, —, sont définis par le 
remplacement dans les tenseurs d’indice g et p des 
J g et Vy 


par leurs adjoints. Tenant 
compte de (3.27), les relations (2.27) et (2.28) im- 


Pop(w; T) 3.28) 
P_o-,(—w; T) = —Pq(w; T). .29) 
Nous terminerons ce paragraphe en établissant 
quelques relations qui préciseront le sens physique 
des parties hermitiennes et antihermitiennes du 
tenseur d’admittance. 
Evaluons d’abord la self-énergie AE,»,« corres- 
de H7; nous ne 


> J p. r p 


pondant a un état propre |m7 
tiendrons pas compte du terme ), 


dans (2.24); ce terme est d’ailleurs rigoureusement 
nul dans de nombreux cas (voir ci-apres) par suite 
des propriétés d’invariance du systeme s. On a alors 


d’apré s (2.27) 


AE yo S m?| AU gil 
q 


ou, apres un calcul élémentaire, 


D’autre part, la probabilité de transition par 
a l'état |n7> vaut 


unite de temps de l'état |m’ 
dans l’approximation de Born, si |’état initial du 


systeme s est déterminé par l’équilibre de tem- 


pérature 
“( r)> <m| V q\n’ > x 


8 


n 


xX <n|Vp+|ms» <m7|U gt |n7 n?|Uy|m? > x 


X 8(wmo7nt — Wn'm') 
ce qui s’écrit, en comparant avec (3.18) dans la 


limite « +0, 


5 


I > zavomens; T)x 
i 


pq 

x <m7|Ugt|n? > <n7| Up|me 

Définissant la largeur d’un état par 
hPmo = V'me 


ot Pm est la probabilité totale de transition par 


unité de temps de |m7) dans un état quelconque 


I me ay ' _ 
1 > J Tap (Wm 7n73 T)x 
eee 


? 


ona 


Pa n J 


o1U,*|n7 > <n7|Up|m7 >. 


Nous pouvons définir une self-énergie complexe 
(cf. LINDHARD®)), par 
AEm r+1(D r 2) 


Em? 


ce qui donne 
Emo > >, tavlomene T)x 


J, (3.37) 
n?|Uy\m? >. 


De (3.32) on peut également déduire l’énergie 
cédée par unité de temps dW,</dt par le systeme o 
au systéme s lorsque le systeme o se trouve initiale- 


ment dans |’état |m7 


Pastis me x 7 


wn 
at hat va 2wmrnoT gp4(Wmen7; T)X 


aby (3.38) 
n7|Up\m? 


montrent clairement que 
effet dissipatif et 


Ces exemples 


tqp4(m; T)  caracteérise 
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Tqp*(w; T) effet polarisant du systeme s; le lient 
causal entre ces effets est exprimé par les relations 
(3.16) et (3.17); remarquons que les résultats 
établis ici tiennent compte du caractere dynamique 
du systeme o et de la température du systeme s. 


4. SYSTEMES DE PARTICULES INTERAGISSANT 
PAR UN POTENTIEL BINAIRE 
(a) Hamiltonien effectif et tenseurs d’admittance 
Les résultats précédents sont particulierement 
simples lorsque les systemes s et « sont composés 
de particules interagissant par un potentiel binaire; 
soit u(r) le potentiel d’interaction entre deux 
particules de s et V(r) le potentiel d’interaction 
entre une particule de s et une particule de o. 
Placons le systeme o+s dans une boite de 
soumise aux conditions aux limites 
périodiques* ; vq), V(q), pa’, py, les 
transformées de Fourier de v(r), V(r), p%(7r), 


p7(7) ot 
p'(7) D3 5(7—7;8) 


i 


volume V 
soit 


(4.1) 


7,8 étant la coordonée vectorielle d’une particule 
du systeme s. 
L’hamiltonien H® s’écrit 


. : . ee 
Hs Ho'+ > ap a-av—N) (4.2) 
q 


ou. Ho contient l’énergie cinétique des N parti- 
cules du systéme s et éventuellement leur énergie 
potentielle dans un champ exterieur. D’autre part 


V(q) 

Hint pS a, Pq’ Pa" 
q 

Pour appliquer la théorie générale développée en 


2 et 3, il suffit d’effectuer la correspondance 


Ugt > [V(q)/V pqs Va" 


Si le systéme s est invariant par rapport aux trans- 
lations, on vérifie que les éléments non diagonaux 
des tenseurs d’admittance sont nuls; les éléments 
diagonaux s’écrivent 


1 
mq(w; T) h - Pm 


m® 


(4.4) 


aa pq’. 


| <n8|pq8|ms >|? 


W— Wnm'— le 





* La limite «€ > 0 doit étre prise aprés passage 4 la 
limite V > ©, 
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la 
rd Pm 1)x 


8 
m 


Pq'(w; T) 


| <n8|p_g5|ms >|2 


—W— Wn'm'+le J 


(4.6) 


| <n5|pg°|ms >|? 


ax | 


; W— Wn*ms— 1éE 
n 


! 
Pe(w3 T) == > Pm(T)x 


n5|p95|ms >|? n'|p_q5|ms >|? | 
x —_ — — om = 


_ \ w—wnm'—ie —w—wnmtic | 
(4.7) 
Les relations (3.7), (3.8), (3.9) peuvent s’écrire 
Te(t/h) <p_q5(0)pq'(t) >vu,(t) (4.8) 
T(i/2h) <[p_g5(0)p q(t) ] >vu,(t) 
(4.9) 
T(t/2h) <[p—g(0)pg8(t) + >ru,(t). 
(4.10) 


774(w; T) 
P7(w; T) 


-7(w; T) 


Ces résultats peuvent étre mis sous une forme 
différente si on remarque que <p_7°(0)p9°(t)>r est 
la transformée de Fourier de la fonction NG(F, t; T) 
ou G(7, t; T) est la fonction de corrélation de paire 
de Van Hove®) a la température T' qui s’€crit 


ie. \ 
G(7, t; T) = w' | p5(7’ —7, 0)p8(7", t) d¥’ ) (4.11) 


J lm 
ot les opérateurs p*(7, ¢) sont définis par (4.1) si on 
considére 7;5 comme dépendant du temps. Les 
égalités (4.8), (4.9), (4.10) deviennent 


rw; T) = T%(i/h)u(t)NG(7, t; T) (4.12) 


P7(w; T) = T%(i/h)u,(t) Im NG, t; T) (4.13) 
P7(w; T) = TH(i/h)u(t) Re NG(¥, t; T) (4.14) 


ou 7%: indique la transformée de Fourier de la 
fonction considérée, dans l’espace et dans le 
temps; les parties réelles et imaginaire pure de la 
fonction de corrélation sont caractérisées par les 
signes Im et Re. 

L’hamiltonien effectif (2.24) prend la forme 
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(4.15) 


rorme 


(4.17) 
f p_9°" sont définis par (4.16) ot |’on 
remplace 77(; T) respectivement par P7Z(o; T) 
et P72(w; T). Dans (4.17), le signe Z est inutile, 
le terme entre accolades étant hermitien. 


(b) Fonctions diélectriques 

L’hamiltonien effectif (4.15) ou (4.17) généralise 
l’hamiltonien des porteurs minoritaires de PINEs 
et Nozizres(,14), La nature de cette généralisation 
apparaitra clairement si nous considérons un 
systeme s composé des particules de méme nature 
que celles du systéme o en négligeant toutefois les 
interactions d’échange entre s et o. On a alors 
u(r) = V(r) et les hamiltoniens (4.15) ou (4.17) 
peuvent s’écrire 


; v(g) 
oo >» 5 PaP-ae—n) (4.18) 
= 2 


; v(q) 
Her Ho+2 > 7 (pqp-ga—")+ 
= 2 


te ar asl 
—- 


Dans ces hamiltoniens, l’indice o 
entendu, et m est le nombre de “porteurs minori- 


(4.19) 
a été sous- 


taires” considérés. On a 


P—@,C 


2v(q) 
pis = Pat p-7 


2v(q) 
V 


(4.22) 


p-a, 


On peut alors calculer les éléments de matrice des 
opérateurs p_j, c, P-% a» P-q b, par des formules 
analogues 4 (4.16) en remplacant successivement 


7a(@; T) par 


(4.23) 


D7z(w; T) (4.24) 


DF(w; T) 


Ces fonctions peuvent s’écrire sous la forme 


21 N 


Ao; T) To IS(7)3(t)+ —u,(t) x 
| h | 


21 N 


Dz (ow; T) To (7)8(0) += 


1 
x (or—7 ) ImG(7’, t; T) av’| 
J 
D7z(w; T) 


-u,(t) (o(7—7’) ReG(7’, t; T) a7 ; 


(4.28) 


L’hamiltonien (4.18) a la méme forme que celui 
de Pines et Noziéres3) mais est valable indé- 
pendemment de l’hypothése du “random phase 
approximation” utilisée par ces auteurs. De plus, 
dans cette hypothéses, méme a 7 = 0, I’hamilton- 
ien (4.18) est différent; la fonction Ag(w; 7’) con- 
tient en effet, outre le terme 1/eg(@) de PINEs et 
Nozikres, un terme dynamique D,*(w; T) que 
nous avons déja signalé auparavant,) et un terme 
imaginaire lié a |’absorption. 

La fonction D1;(w; T) est identique a l’inverse 
de la constante diélectrique définie par PINES et 
Nozérres“4) 4 T = 0 comme le montre |’équation 
(4.24) et (4.6); l’équation (4.27) Videntifie im- 
médiatement a celle, équivalente, de Fano), 
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D’une maniére générale, nous appelerons les fonc- 
tions (4.26), (4.27) et (4.28), des fonctions dielec- 
triques. 

Pour terminer ce paragraphe, donnons les re- 
lations générales auxquelles satisfont les fonctions 
diélectriques et qui sont des conséquences im- 
médiates des relations générales établies en 3. 

(i) Relations de causalité 

Les égalités (2.16) et (3.17) donnent 
00 
{ dw’ as 

- Re{Ag(w’; T)—1} 
(4.29) 


ImAj7(w; T) 


iT J Ww-wWw 


dw’ om 
—— ImA,(o’, T) 
aQ—w@ 


an (4.30) 


Re{Az(w; T)—1} 


et des relations analogues pour Dj!(w; 7) et 
D7; T). 


(ii) Relations thermodynamiques 
1—exp(—/w/kT) 


Im Dj'(w; T) = ImA{(w; T)- 


2 
(4.31) 


1+exp(—/fw/kT) 
ImAj(w; T)— 


Im Dj7?(w; T) 


J 


hw 
2kT 
Au zéro absolu, ces relations deviennent 


(a)o >0 
Im Dz'(w; 0) 


Im Dy(w; T) = Im Dw; T) Th 


} ImA7Z(w; 0) 
(4.34) 


Im Dq?(w; 0) 
(b) O <= 0 


Im Dz}(w; 0) = —Im D7z(w; 0) ; ImA7Z(w; 0) = 0 


) 

(4.35) 

(iii) Relations de symétrie 
D-7'*(—w; T) 
D-7*(—w; T) 


(4.36) 
(4.37) 


Dz(w; T) 
~D(w; T) 


5. QUELQUES APPLICATIONS AUX INTERAC- 
TIONS COULOMBIENNES 


(a) Particule chargée traversant un gaz d’électrons 
Nous allons traiter les problemes de self- 
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énergie et de dissipation liés au passage d’une 
particule chargée dans un gaz d’électrons et nous 
comparerons nos résultats a ceux obtenus dans la 
limite classique par LINDHARD 9), 

Utilisant les notations définies en 4, 


4a ze 


9 


q* 


4rre* 
vq) = — 
q* 


V(q) 


ze étant'la charge de la particule incidente. 

La formule générale (3.37) devient ici, si k 
désigne le vecteur d’onde de la particule incidente 
et si on introduit la fonction diélectrique Aj(@; T) 
qui ne dépend maintenant que de la grandeur du 
vecteur g, 


dans la limite du spectre continu. Dans cette 
CE G—Wq OU Wg = hg?/2 

et ¢ = hk/mest la vitesse de la particule incidente; 
élément de volume dg peut se mettre sous la 


formule, ws, %_7 = 


forme 
2q 

dq dw 
Uk 


(5.3) 


aS dw— 


gradgw 


dg - 


dS étant |’élément d’aire de la surface w(g) = o = 
constante. Le domaine d’intégration de (5.2) est 
représenté a la Fig. 2; les courbes wmax(q) et 
®min(g) sont des paraboles d’équation 


wmin(q) = ——URd— Wa 

(5.4) 
et la courbe ®max passe par uN maximum pour 
® = Wx} ON Voit que si ws tend vers l’infini, le 
domaine tend vers le domaine limite par les deux 
droites w = ugg, Urq, symétriques par 
rapport a l’axe Og. En intégrant par rapport a w en 
premier lieu, on obtient 


Wmax(7) = Ukd—Wq ; 


Gq) = - 


VEeq Wo 
a 


| {Agw; T)—1}dw (5.5) 
ue, 


I] résulte des relations (4.36) et (4.37) que si la 
particule incidente a une énergie suffisante pour 
que le domaine d’intégration de la Fig. 2 puisse 
étre remplacé par le domaine symétrique men- 
tionné plus haut, on peut remplacer Re Ag(w; T) 


dans (5.5) par Re Dg'(w; T) et Im Ag(w; T) par 
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Im D,*(w; 7). L’expression résultante a toutefois 
le désavantage de ne pas faire apparaitre clairement 
le lien causal entre la self-énergie et la largeur de 
l'état 
(4.29) et (4.30); elle permet cependant de définir 


considéré qui s’exprime dans les relations 


une expression correspondant a (5.5) dans le cas 
classique a l’aide de la fonction diélectrique classi- 
que si la contribution a l’intégrale des fréquences 
« telles que ® kT jh est négligeable (ce qui est 
toujours le cas si 7’ = 0). Dans ce cas en effet, la 
relation (4.33) permet de remplacer dans cette 
intégrale Im Dg*(w; T) par Im D(a; T) sgn(o), 
ou sgn(w) est la signature de w qui vaut 1 pour 


(): définissant alors 


@ U et ] pour © - 


Dj -'(w; T) "ee b 5 vp) 


l’expression (5.5) s’écrit dans ce cas, a l’aide de 
(5.6), sous une forme identique a la formule 
classique (4.26) de LrnpHarp“®),* 

De l’équation (3.38) on déduit par un calcul 
identique au précédent l’€nergie perdue par unité 
de temps par la particule incidente 


LW; — 
ImA,(w; T) dw 


et on peut discuter ce résultat de la méme maniere 


* Note ajoutée a la correction. Par l'utilisation de pro- 
pagateurs, R. A. FERRELL et J. J. QuINN, Phys. Rev. 112, 


812 (1958), obtiennent un résultat qui a JT = 0 est 
équivalent a (5,2) (quoique formellement différent) si la 


particule incidente est discernable du gaz d’électrons. 


que |’équation (5.5); cette fois, si l’énergie de la 
particule incidente est grande, on peut directe- 


ment remplacer Im Ag(w; 7) par Im Dg'(w; T) a 
toute température. 


(b) Fonctions diélectriques dans les solides parfaits 
aT 0 

L’évaluation de la fonction Dz!(w; 0) dans les 
solides parfaits est tres simple dans l’hypothese 
R.P.A. (“random phase approximation’’) de Pings 
et Nozikres4) ; |’équation (29) de ces auteurs nous 
permet d’écrire, tenant compte de lidentité, 
signalée en 4, entre Dj!(w;0) et leur fonction 


1 € q(©), 


~ 47e? 
|— S 07s\" 
aa Vqrh 


l l 
x + : 
—w=— Wost le 


lepas Ws —le 


ou la somme est étendue a tous les états non per- 
turbés par les interactions coulombiennes, sym- 
bolisés par l’indice s, qui different de l’état de base 
par l’excitation d’un seul électron; les oj, 5 sont 
les éléments de matrice de l’opérateur p@ entre 
état s et état de base, et Hw 7s la différence 
d’énergie non perturbée entre |’état s et l’état de 
base. 

Tenant compte de (4.35), (4.34), (4.30), on peut 
écrire, la limite e’ > 0 devant étre prise apres inté- 
gration, 


da’ 


Qo w' — le’ 
0 


et la fonction Im 1/F%(w’) est définie pour une 
valeur aussi petite que l’on veut de ¢, mais non 
nulle. Considérons la fonction de variable com- 
plexe 1/F3°(@) obtenue par prolongement de la 
fonction (5.8) dans le plan complexe w; cette fonc- 
tion est analytiaque partout sauf sur l’axe réel ot 
elle admet des lignes de discontinuité corre- 
spondant au spectre de bande des états a un électron 
excité et éventuellement des poles s’il y a dans 
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l’approximation considérée, des oscillations stables 
de plasma; a l’infini, elle tend vers 1. L’intégrale 
dans (5.10) peut alors étre évaluée dans le plan 
complexe le long du contour C dessiné en trait 
plein sur la Fig. 3 et 


a 


; 
Bgl; @ = 14-5) ——_—_- —— 
a) w—w —te’ F5%(w’) 


’ 


dw’ l 


Spectres continus 





Oscillation de 
plasma 


Fre. 3. 


pointillés; le calcul de (5.11) se réduit alors au cal- 
cul du résidu au pole w’ = w+7e’, a celui de la 
contribution a l’infini qui vaut —1 et le long de 
l’axe imaginaire. On a 


A7(w; 0) = [2/Fq(w) ]u(w)+Aq(w) 


ou u(m) vaut 1 pour w > 0 et 0 pour w < 0; 
A7(o) est réel et vaut 


(5.12) 


2 1 W 
Aqw) = —- | ——- 
a) F7(il) 2+2 
0 


Remarquons que |’on peut calculer, a l’approxi- 
mation envisagée, les fonctions diélectriques direc- 
tement a partir des formules de définition (4.23) et 
(4.5); en effet dans la R.P.A., les éléments de 
matrice intervenant dans ces formules peuvent 
étre calculées exactement en généralisant aux 
solides parfaits les méthodes employées par 
Sawapa(6) et Brout"? dans les gaz d’électrons 
libres. Cette méthode, que nous ne développerons 
pas ici, donne également les résultats (5.8) et (5.12) 
mais a l’avantage de montrer clairement comment 
les difficultés qui pourraient apparaitre par suite 
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de la présence d’états liés dans la limite V > a 
(oscillations de plasma) disparaissent en fait si on 
évalue correctement les fonctions d’onde du spectre 
continu, le résultat étant formellement indépen- 
dant des oscillations de plasma; ceci, loin d’étre 
paradoxal, est simplement dt au fait que les pro- 
prictés de ces états, dont l’existence est impliquée 
par des conditions d’unitarité, sont implicitement 
contenues dans le spectre continu. Notons enfin 
que les fonctions diélectriques n’ont de sens que si 
g est petit devant les vecteurs de translation primi- 
tive du réseau réciproque car ce n’est que dans ce 
cas que l’on peut considérer que le solide est in- 
variant par rapport aux translations; cette condi- 
tion est d’ailleurs en général nécessaire pour que 
la R.P.A. soit approximativement valable. 


(c) Etats excitons dans les cristaux polarisables 

Dans les isolants et les semiconducteurs, les 
termes négligés dans la R.P.A. sont reponsables 
d’effets qualitatifs importants par suite de l’exist- 
ance d’une bande interdite et donnent naissance a 
des états liés du type exciton. Nous nous limiterons 
ici au cas des critaux tres polarisables ot |’exciton 
peut étre traité dans le modéle continu de WAnN- 
NIER(“8) et nous déterminerons |’effet polarisant des 
électrons de valence en négligeant les interactions 
d’échange de la paire électron—trou avec ceux-ci; 
cette approximation est valable pour les états ex- 
citons triplets.49% 

L’hamiltonien de la paire électron-trou, compte 
tenu de l’effet polarisant des électrons de valence, 
est donné par (4.18) ou 2(q) - 4re?/q?, n = 2 et 
Ho est Vhamiltonien de la paire électron—-trou en 
l’absence d’interactions coulombiennes; l’utilisa- 
tions de (4.18) implique l’invariance de translation 
du systéme polarisant, ce qui est une bonne ap- 
proximation dans les cristaux polarisables ot 


seules les composantes de p@7 telles que g < K,K 
étant une translation du réseau réciproque, jouent 
un réle important dans le terme d’interaction; 
l’électron et le trou sont en effet en moyenne 


séparés par de nombreuses distances interatomi- 
ques. SikT < FE; ot E; est la largeur de la bande 
interdite, la fonction Aj(w; 7) qui intervient dans 
pq, c peut étre prise a J = 0 et est donnée dans la 
R.P.A. par (5.12). Comme les interactions im- 
portantes dues au terme coulombien dans (4.18) 
proviennent de vecteurs g petits, nous supposerons 
qu’elles ne provoquent de transitions qu’entre 
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états dont la différence d’énergie est faible devant 
E;; on peut alors remplacer AZ(@; 0) par AG(0; 0) 

D7(0; 0) que nous écrirons plus simplement 
Dz 1/FZ ou la fonction FZ peut étre définie par 
l’équation (5.9) pour = 0; remarquons d’ail- 
leurs que si cette approximation n’était pas valable 
nous obtiendrions un terme imaginaire dans 
Ajz(@; 9), 


états excitons et éventuellement leur disparition. 
L’hamiltonien (4.18) s’écrit alors en seconde 


ce qui donnerait un élargissement des 


quantification 


i 


Con l’opérateur de création de 
ee 


Dans (5.15), @&. n 


V’électron de vecteur d’onde k dans la 
bande de conduction du cristal non perturbé par les 
interactions coulombiennes et bz, m+ lopeérateur 
de création du trou de vecteur d’onde k (ou 
l’opérateur de destruction de |’électron de vecteur 
d’onde —k) de la m,}* valence; 
m, est l’énergie de l’électron créé par af%, m* et 
(c’est-a-dire 


bande de 
k, 
E,m, celle du trou créé par b—, m,* 
l’énergie de l’électron détruit, changée de signe). 
L’opérateur rg* dans (4.14) est l’opérateur pz% en 
seconde quantification et provoque des transitions 


E 
E 


a l’intérieur des bandes de conduction et de va- 
lence; les éléments de matrice de pq définissant rg* 
sont pris entre états propres de Ho dans l’espace de 
configuration, la fonction d’onde du trou étant la 
fonction complexe conjugée de celle de |’électron 
manquant. 

Considérons le cas ou le cristal présente une bande 
de conduction et une bande de valence qui peu- 
vent étre décrites dans l’approximation des masses 
effectives que nous supposerons isotropes; soient 
Me et My les masses effectives dans ces bandes et 
posons 

MeMy 


. (5.16) 
Me+ My 


Si |% > est le vecteur propre de Ho correspondant a 
l’état dans lequel aucun électron du cristal n’est 
excité, on peut représenter par d+(k)|\%o > un état de 


Ho dans lequel un électron de vecteur d’onde & est 
passé de la bande de valence dans la bande de con- 
duction en conservant le méme vecteur d’onde; 
on a alors 


d+(k) = agt hy? (5.17) 
si l’on omet les indices mz et my. L’hamiltonien 
(5.14) permet d’écrire 
«APR 
H d*(k)\bo E;+ 


Qu 


1g—2F 9) ad (R) bo 


7 E+ bE. GbE} (5.19) 


> fac 
Ck 


k 
ou nous avons assimilé a l’unité les éléments de 
matrice de pz, ce qui est valable si g << K. De 
(5.19) et (5.17) on déduit 


’" a (k) bo 


{2 d*(k)+d*(k—G)+d*(k—@)}|Ho 
(5.20) 


et par conséquent, si on porte ce résultat dans 
(5.18) en omettant le terme constant FE; et en 


tenant compte de 
d*(k+@) 


exp(q.gradg) d*(k) (5.21) 


on obtient un hamiltonien H(k) valable pour les 
paires électron—-trou de vecteur d’onde total nul, 


Hd h*k? 4re2 |] i, 
(R) _ e3 exp(g.gradz)— 
? ano 


of q 


9 


5 Are? 
a V9 


l 
Ge") 
; MG 
Le dernier terme de (5.22) est une constante que 
nous pouvons omettre; elle est de la nature d’une 
self-énergie et peut étre comparée a (5.2). Dans 
une représentation ou la variable B conjuguée de 
hk est diagonale, (5.22) s’écrit alors 


ie ne 1 seats 
papas "Sen >- — —exp(—ig.f). (5.23) 


H(8) 7 
2u 77 Vq" Fy 
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Cet hamiltonien décrit le mouvement autour de 
leur centre de masse de deux particules interagis- 
sant par un potentiel V(f) tel que 


4re? 1 ial 3 
_ > ——— exp(—7g.B (5.24) 
= Vag FG 


c’est-a-dire du potentiel coulombien e2/8 dont les 
composantes de Fourier sont divisées par Fz; pour 
B grand ce potentiel tend vers e?/e8 ol « = Fo si 
Fz est isotrope pour g +0, ¢ étant la constante 
diélectrique statique des électrons de valence; pour 
B petit, il tend vers é2/8 (Fq tend vers 1 si g tend 
vers l’infini). Ceci correspond a une représentation 
tres physique du phénomene* et nous conduit a 
concevoir les spectres d’excitons dans les cristaux 
polarisables comme des spectres hydrogénoides 
perturbés, la perturbation consistant essentielle- 
ment en une levée de la dégénérescence n—1 telle 
que les états de grand moment angulaire soient 
moins liés et telle que les états les plus liés (dont 
l’orbite est donc plus petite) le soient relativement 
plus que ceux du modéle hydrogénoide. Toutes 
ces conclusions sont bien en accord avec les ré- 
sultats expérimentaux de Gross(?9) et d’autres. 21) 


Remerciements—Je tiens 4 remercier vivement Monsieur 


* Remarquons toutefois que le potentiel (5.24) n’est 
pas’ nécessairement valable sig 2 K. 
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THE EFFECT OF PRESSURE ON THE ABSORPTION 
EDGE IN HEAVY-METAL HALIDES* 


J. C. ZAHNER and H. G. DRICKAMER 
Department of Chemistry and Chemical Engineering, University of Illinois, Urbana, Illinois 


(Received 5 February 1959; revised 5 March 1959) 


Abstract—The effect of pressure has been measured on the absorption edge of ten heavy-metal 
halides. In general, a large decrease in the gap is obtained with increasing pressure. The differences 
between the data on thallous halides and previous data on AgCl and AgBr are explained tentatively 
n terms of differences in band structure postulated by Se1Tz and MARTIENSSEN. Compounds which 
crystallize in the same lattice show closely similar shifts with pressure (or density) regardless of the 
halide involved. Hgle returns to the high-temperature form above 13,000 atm at room temperature, 


as has been previously noted by BRIDGMAN. 


pressure), and the pressure ranges are summarized 
in Table 1. The high-pressure optical techniques 


have been described elsewhere.“~?) The results are 


Tue effect of pressure has been measured on the 
absorption edges of ten heavy-metal halides. The 
sources of the chemicals used, the values of vo (the 
point from which the edge was measured at zero discussed under four headings below. 


Thallium halides 

TICI and T1Br crystallize in the cubic CsCl struc- 
ture at 1 atm. TII has a rather complex symmetry 
but transforms to the CsCl structure at 5000 atm. 
The shifts with pressure are shown in Figs. 1-3. 
The gap decreases rapidly for all three halides. In 


Fic. 1. TICI: shift of absorption edge with pressure. Beene. 
: — O. 20 40 


* This work was supported in part by U.S. Atomic PRESSURE, |O2atm. 
Energy Commission Contract AT(11-1)-67, Chemical 


Engineering Project 5. Fic. 2. T1Br: shift of absorption edge with pressure. 
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Table 1. 


Compound Source and quality 


ON HEAVY-METAL 


Sources of chemicals and values of vo, « and pressure 


HALIDES 


ranges 


Pressure 
range 
(10% atm) 


ai) od 
(cm?) (cm~?) 








TIC] 
TIBr 
‘Tu 
PbCle 
PbBre 
Pble 
HgCle 
HgBre 
Hgle 
(powder) 
Hgle 
(crystal) 
BiBrg 


A. D. Mackay (C.p.) 

Fisher Scientific (purified) 
Fisher Scientific (reagent) 
Fisher Scientific (purified) 


R. H. Bube, RCA 


Fisher Scientific (C.p.) 


particular, at 120,000 atm the gap for TII has de- 
creased by 80 per cent. Crude conductivity mea- 
surements* indicate an increase of conductivity by 





PRESSURE, |0%atm. 
shift of absorption edge with pressure. 


Fic. 3. Til: 


a factor of 107 from 5000 to 150,000 atm for this 
compound. 


* The measurements were made in a high-tempera- 
ture high-pressure optical apparatus to be described 
elsewhere. From the shape of the curve on a log con- 
ductivity versus pressure graph, it was assumed that the 
contact resistance did not change appreciably above 
5000 atm. 


Fisher Scientific Co. (reagent) 


City Chemical Corp., N.Y. (C.p.) 
Matheson, Coleman, and Bell (reagent) 
Matheson, Coleman, and Bell (reagent) 


Matheson, Coleman, and Bell (C.p.) 


140 

65 
125 
160 
155 

30 
170 
210 


150 
170 
200 
200 
130 
200 
200 
220 


27,300 
23,950 
21,840 
32,300 
26,400 
19,010 
36,440 
29,350 
18,450 340 45 
180 

110 


17,900 
21,500 


Fig. 4 plots the shift of the edge versus relative 
volume, using BRIDGMAN’s™) density data. The 
shifts are remarkably similar, particularly for the 


Ooo 





0:10 ~ =o 


FRACTION VOLUME CHANGE, AWY. 


Fic. 4. Shifts of the TIX’s (CsCl structures). O TICI, 
A TIBr, @ TI. 


chloride and bromide, which probably indicates 
that the conduction-band wave functions can be 
constructed largely from Tl*+ ion wave functions. 

These large shifts in the edge are to be contrasted 
with the very small shifts (about 4-5 per cent of the 
TIX shifts) shown by AgCl and AgBr in both the 
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NaCl and CsCl structures.) We believe a plau- 
sible explanation can be offered for this difference. 
SeiTz®) has postulated a band structure as shown 
in Fig. 5a for AgCl, where the tail corresponds to 


the indirect band-to-band transition. There is 


ENERGY 


Fic. 5 (a) AgCl type; (b) 


TiC 


Schematic types of bands: 
i type 
Direct transitions 

Indirect transitions 

Exciton transitions 
evidence from mobility measurements) that AgCl 
has a large deformation potential, corresponding to 
a rapid shift of the bottom of the conduction band 
with lattice dilation. The small change in the gap 
with pressure would then indicate that the ‘“‘wings” 
of the valence band also deform rapidly with pres- 
sure. A considerable change in the shape of the 
edge (of the silver halides) with combined tem- 
perature and pressure‘?) also is consistent with this 
hypothesis.* On the other hand, there are indica- 
tions‘S) that the gap as measured in the tail of the 
thallous halides is a direct transition to the exciton 
state (or the conduction band) (see Fig. 5b). 

In these latter compounds then the shift of the 
absorption edge with pressure is probably directly 
related to the deformation of the bottom of the 
conduction band, and is large. The similarities in 
the density-gap plot (Fig. 4) discussed above are 
also consistent with this hypothesis. 

One would further postulate that the anomalous 
behavior of AgI can be explained by the above con- 
sideration. AgI, in contrast to AgCl and AgBr, 
showed a very large shift with pressure in the NaCl 
and a blue shift at the 115,000-atm transi- 


phase, 


us has been developed which permits 
up to 200,000 atm and 400°C. 
the 


An apparat 


optical measurements 


Preliminary results have been obtained on silver 


halides over this range. 


H. G. DRICKAMER 


tion, presumably to the CsCl structure. The shift 
in the CsCl] structure was very similar to the shifts 
for AgCl and AgBr in that phase. The shift of the 
AgI edge with density is of the same order as the 
shifts for the thallous halides, so that quite possibly 


PRESSURE, 


Fic. 6. HgCle: shift of absorption edge with pressure. 


one is measuring the direct transition in this phase 
of AgI. Above the transition, one would speculate 
that the indirect transition is being measured as in 


AgCl and AgBr. 


Fic. 7. PbCle: shift of absorption edge with pressure. 
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Compounds of V 16 symmetry 

HgClo, PbClz and PbBrg all crystallize in a lattice 
having V;16 symmetry. The shifts with pressure 
are shown in Figs. 6-8. These crystals are difficult 
to fuse with pressure, so that the shifts below 
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Fic. 8. PbBre: shift of absorption edge with pressure. 


25,000 atm have little significance. HgCle has a 
phase transition at 90,000 atm accompanied by a 
very large shift of the edge. No trace was found of a 
transition at 20,000 atm discovered by Bripc- 
MAN’), probably because of the difficulty in fusing 
the material. Fig. 9 shows the shifts for all three 


~ 50 ; 00 
PRESSURE, O7 atm. 
Fic. 9. Shifts of the V;)° structures. @ PbCle, A PbBra, 
O HgCle. 


compounds with pressure plotted from 25,000 atm 
as zero. The shifts are remarkably similar, parti- 
cularly for PbClg and PbBre. Probably the com- 
pressibilities do not vary much between these two 
compounds, so that one can postulate that one is 
measuring the deformation of the conduction band 


ON 


HEAVY-METAL HALIDES 


which can be constructed from Pb++ wave func- 


tions. 


Hgl> 

The behavior of Hglpe is rather different from 
that of the other halides. Data were obtained for 
this compound both on the powder and on a 
single crystal furnished by R. H. Buse. The results 
corresponded exactly, as seen in Fig. 10. At room 
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40 
PRESSURE, |0°atm. 


Fic. 10. Hgle: shift of absorption edge with pressure. 
@ Crystal, O Pellet. 


temperature and 1 atm it crystallizes in the D4, 
lattice. At about 13,000 atm at room temperature a 
phase transition occurs. BRIDGMAN®®) has shown 
that the high-pressure, room-temperature phase is 
the same phase (C2,12) as that obtained above 
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Fic. 11. HgBre: shift of absorption edge with pressure. 
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measured the temperature coefficient of the edge 
in both places. It is interesting to note that the 
relative shifts per “C of the two phases are almost 
exactly the same as the relative shifts per atmo- 


sphere. 


Miscellaneous systems 

Data were also obtained for PbI2, HgBrg and 
BiBrg (Figs. 11-13). In all cases the edge shifted 
red with pressure. A phase transition was noted in 
HgBre at about the same pressure as that reported 


by BRIDGMAN’). 
absorption edge with pressure. : 


tm. Indeed 1e obtains a large . nee ' en 
Indeed, one obtains a large blue Acknowledgements—The authors wish to thank F. SEerrz 
ige, as would be expected for atrans- and F. D. Brown for most helpful discussions. They 


from ‘“‘red”’ to “vellow” Helo. Buse!) would also like to thank R. H. Buse, of the RCA Labora- 
tories, for the single crystal of Hgle 
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INTERNAL CONSISTENCY OF THE HEISENBERG- 
MODEL FOR ANTIFERROMAGNETISM* 


DIRAC 


J. S. SMARTT 
Chemistry Department, Brookhaven National Laboratory, Upton, L.I., N.Y. 


(Received 29 January 1959) 


Abstract—An attempt is made to investigate the internal consistency of the Heisenberg—Dirac 
model for antiferromagnets with nearest-neighbor interactions only. The Bethe—Peierls—Weiss 
approximation and the results of BRowN and LUTTINGER are used to obtain relations between the 
Néel temperature and the exchange integral, J, and between the susceptibility at the Néel tempera- 
ture and J. By combining these relations with experimental values of Ty and X(T) for a given com- 
pound, two distinct values of J can be deduced. These values should agree if the theory is internally 
consistent. Comparisons have been made with experimental data on six antiferromagnetic com- 
pounds which seem to satisfy the nearest-neighbors-only restriction. The agreement is about as 
good as could be expected, considering the estimated experimental error. 

Approximate values of | J|/k deduced for the compounds Mnf, FeF2, LaFeO3, LaCrO3, KFeF3 


and KCoFs3 are 1:8, 3-0, 27, 28, 6-0 and 12°K, respectively. 


1, INTRODUCTION 
Tue Heisenberg—Dirac model) of co-operative 
magnetic phenomena has as its basis the assump- 
tion that the interaction between a pair of magnetic 


atoms 7 and j is 
Vig = —2JijSi* Sj (1) 


where /;; is an exchange interaction between the 
ith and jth atoms and S$; and S§; are the spin opera- 
tors. Thus the Hamiltonian operator for a system of 


N atoms is 


Hn =i z S JS (2) 


i<j j=l 


If the system is a crystal which contains only one 
type of magnetic atom, it is possible to take ad- 
vantage of the inherent symmetry and rewrite the 
Hamiltonian in the form 


* Research performed under the auspices of the U.S. 
Atomic Energy Commission. A preliminary account of 
this work was given at the Washington Meeting of the 
American Physical Society, May 1958. 

+ Present address: Office of Naval Research, Depart- 
ment of the Navy, Washington 25, D.C. 


G 


SiS; (3) 


w= 4 5 


k=1 kth neighbors 


The sum over is over sets of neighbors, from the 
nearest to the most distant (V’), while the second 
sum is over all pairs of Ath nearest neighbors. J, is 
the exchange interaction between Ath nearest 
neighbors. As the magnitude of the exchange inter- 
action generally diminishes rapidly with distance, 
only a limited number of values of k need be con- 
sidered. In practice there are many cases where 
only one term is sufficient and very few where more 
than two are necessary. 

Although it has not been possible to obtain exact 
solutions for this model, various approximations 
which have been tried have yielded results in good 
qualitative agreement with experiment. For ex- 
ample, the simplest approximation of all, the 
molecular-field method, gives a description of 
ferro-, antiferro- and ferrimagnetism which is 
generally good at all temperatures, although wrong 
in some details. Improved agreement can be ob- 
tained by using other approximations, which are 
more precise but are valid only in a limited 
temperature range. ‘Thus, high-temperature 
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approximations such as the Ocucni®), BETHE- 
PEIERLS—WEIss) and constant-coupling™@) methods 
take account of short-range-order effects which are 
neglected in the molecular-field treatment. Perhaps 
the biggest defect of the Heisenberg—Dirac model 
is its apparent failure to predict an ordered ground 
state in antiferromagnetism at absolute zero; ) the 
relation of this point to the results of this paper will 
be taken up in the discussion. 

Despite the apparent successes of the Heisen- 
berg—Dirac model, a number of objections have 
been raised against it;* the objectors have sug- 
gested that the agreement with experiment is only 
superficial, merely reflecting the fact that any 
model which introduces an apparent spin inter- 
account for the effects of the Pauli 


t ; 
action to 


Principle will have some measure of success. ‘There 


exists in the literature considerable controversy 
over the validity of the model, and the matter is by 
no means settled at the present time. In principle, 
a pragmatic test could be made for any specific 
system by calculating the relevant exchange inte- 
grals, evaluating the partition function, and com- 
bining these results to derive such properties as 


the Curie temperature, spontaneous magnetiza- 
tion, susceptibility, etc. In practice, neither of the 
two results required can at present be obtained 
with any overall degree of accuracy. The calcula- 
tion of exchange integrals is still in a primitive 
state, and for some systems it is not even clear 
which integrals are the important ones. The second 
step, the evaluation of the partition function (or its 
equivalent operation, the diagonalization of #) is 
on somewhat better footing; although, as previ- 
ously stated, no exact solution has been obtained, 
the various approximations do lead to detailed and 
specific predictions which can be correlated and 
compared with experiment. 

Thus, the situation now existing is that argu- 
ments based on first principles have failed to ob- 
tain any measure of agreement about the validity 
of the Heisenberg—Dirac model, while a straight- 
forward test of the type described in the previous 
paragraph is impossible because of mathematical 
difficulties. However, to set our sights on a much 
more modest goal, it should in principle be pos- 
sible at least to check the internal consistency of the 


* See SLATER'®) for a detailed exposition of the objec- 
tions to the Heisenberg—Dirac model. 
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model. As an example, consider an antiferromag- 
netic system with nearest-neighbor interactions 
only. Given an adequate theory, the value of the 
exchange integral J could be obtained from experi- 
ment in any one of a number of ways; examples of 
measurements which would provide a value of J 
are: (a) Néel temperature, (5) susceptibility at the 
Néel temperature, (c) inelastic neutron scatter- 
ing,‘”) (d) specific heat‘) and (e) excitation of spin- 
wave resonances.) If the theory is self-consistent, 
the values of J obtained from the different mea- 
surements should be the same within experimental 
error. ‘The desirability of such comparisons is 
obvious, but very little has been done along these 
lines in the past. Probably the principal reason is 
that the more rigorous theoretical treatments have 


1 and to nearest- 


generally been limited to spin 3 

neighbor interactions only, while practically all of 
the experimental data are on more complex 
systems. 

Of the methods mentioned in the previous 
paragraphs whereby J may be evaluated, appreci- 
able experimental data exist only on the Néel tem- 
perature, the susceptibility and the specific heat. 
HOFMANN ef al.) have previously used the 
specific-heat data on ferromagnetic and antiferro- 
magnetic systems to make estimates of exchange 
interactions. In the present paper, we shall see 
what results can be obtained by using the Neéel 
temperature and For the 
necessary theoretical relations, either the Bethe- 
Peierls—Weiss or the constant-coupling approxi- 
mation to the Heisenberg—Dirac model might be 
used; these two methods are generally regarded as 


susceptibility data. 


the best approximations for the high-temperature 
range (T’ > Ty) and they give essentially identical 
results, both for the Néel points and the suscepti- 
bilities. We have chosen to use the B—P—W method, 
mainly because BRowN and LuTTINGER®®) have 
already extended this method to obtain the parti- 
tion function and the Néel temperature for arbi- 
trary spin. Thus only the susceptibility is needed, 
and their first makes its calculation a 
straightforward, though tedious, matter. However, 
like BROWN and LUTTINGER, we have retained the 
nearest-neighbors-only restriction, as formulation 
of the B—P—W method for both arbitrary spin and 
more than one set of interactions leads to equations 
of staggering complexity. BROwN and LUTTINGER 
have also derived a classical approximation of the 


result 
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B-P-—W method in which the spin operators are 
regarded as classical vectors of length [S(.S+1)]?. 
It will be instructive to use the results of this 
method, and of the molecular-field method as 
well, to determine values of J and to make com- 
parisons with the values determined from the 
B-P-—W method itself. The relevant equations are 
given in the next section. 


2. EQUATIONS FOR THE NEEL TEMPERATURE 
AND SUSCEPTIBILITY AT THE NEEL TEMPERA- 
TURE 


(a) Molecular-field theory 
The molecular-field theory gives the following 
well-known results: 
| 3T 
k 2nSo( So+ 1 ) 
3Cu 
4nSo(So+ ] )\Xu( Ty) 
In these equations, 7'y is the Néel temperature, 
Cy the molar Curie constant, Xj the molar sus- 
ceptibility, m the number of nearest neighbors for 


each atom and So the spin of each atom in units 
of hh. 


(4a) 


(4b) 


(b) Classical Bethe—Peierls—Weiss theory 


The relation between J and T'y is 


1 
Ty P-1| — 
7 —, 
mt I wemnetnnercinarecoameceeree (5a) 
k 2So(So+ 1) 


J 


where #1 is the inverse Langevin function. 
BROWN and LUTTINGER do not give an expression 
for the susceptibility, but by the usual methods we 
find 


A(n—1)So(So+1)Xa( Ty) 
> Pn( 
S ni [. } 
S rf[S(S+1) 
PS if [S(S+1) 
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(c) Bethe—Peierls—Weiss theory 

BROWN and LUTTINGER give the partition func- 
tion for a B~P—W cluster of a center atom and its n 
nearest neighbors in the form 


Z(j, ho, hi) = Zoo(j)+Z20(j)ho*+ 
+Z11(j)hol + Zo2(j)h1? (6) 
Here 

J =J/kT (note that j <0 for antiferromag- 
netism) 

ho = gPHolJ 

hy = gBM,/J 

Ho = applied magnetic field 

H = effective field acting on shell of nearest 
neighbors 

8 = Bohr magneton 


The functions Z;/(j) are perhaps best defined by 
first defining the sums 


Pf (i) = > w(S}) »3 exp(joo)(2S+1)f(j) 


S 
1 


SFn'f (j) : > §5°w(So)/ (7) 


S 


The sum over S is from |.S;—So| to S;+ So, and 
the sum over Sj is from 0 to mSo, except for the 
term S; = So, S = 0, which is taken care of by 
the y’ term. Also 
w(S;) = number'of ways of forming spin S; from 
n spins So. 
oo = S(S+1)+ $1(S$1+1)— So(So+ 1) 
6, = S(S+1)—S4(S1+1)+ So(So+1) 


339 = 


Then 


Kronecker delta 


2+ o9oi1[S(S+1)]-Y)}—4Sn'(J) 
2 — ooo1[S(S+1)]-y)}+4Fn'(j) 


1(c901) 


2+ coai[S(S+1)]-j)}—-4Fn'(j) 
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The Bethe—Peierls—Weiss theory does not pro- 
vide an explicit relation between J and Ty 
analogous to equations (4a) and (5a), but jy = 
J/kTy is determined from the relation 

é [nZ11(jy)+2Zo2(jn) = 0 
Values for jy for different values of m and Spo are 
tabulated in reference (11). Again, by extending 
BROWN and LUTTINGER’s results, we find for the 
relation between J and Xy(Ty) 
J 4Zo2( jn)Z20(jn)—Z11°(jn) 
: x 

k = jnZoo(jn){2Z02(jn)—2Z11(jn)} 


3Cm 


(9a) 


(9b) 


3. COMPARISONS WITH EXPERIMENT 
The gist of the previous section is that each 
theory gives relations of the form 


(10a) 


Cu 

J I'(n, So) — (10b) 
k Xu(Ty) 

Values of ¢ and I’ for nm = 6 and 8 and for Sp = 


1/2, 1, 3/2, 2 and 5/2 are given in Table 1. Because 
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of the labor involved, values of [’ were computed 
only for So = 1/2, 3/2, 5/2, the values for So = 1, 
2 being obtained by interpolation. This procedure 
may introduce a small error, if, as seems likely, 
there is a small integral-half integral alternation in 
I’; however, calculations indicate that the error 
introduced in this way is less than 1 per cent and 
thus considerably smaller than the average experi- 
mental error in the available data. 

In selecting experimental data for use in the 
consistency check, we must be careful to choose 
only compounds which satisfy the nearest- 
neighbor-interactions-only restriction. Moreover, 
as the B~P—W method is limited to cases in which 
nearest neighbors of a given atom are not them- 
selves nearest neighbors, we must also include this 
restriction. The list of such compounds for which 
adequate data on 7'y and Xy(T) exist is ex- 
tremely limited. There is, of course, no hard and 
fast rule for deciding how many sets of interactions 
are important in a particular crystal, and at best 
the decision rests on indirect evidence. Some in- 
dications can usually be obtained from the crystal 
structure and magnetic structure; perhaps the 
most quantitative information comes from the ratio 
6/T y, where @ is the constant in the high-tempera- 
ture approximation to the susceptibility, 


x(T) = C/(T+8) 


Table 1. Values of 4 and T as given by the molecular-field (MF), the classical 
Bethe—Peierls-Weiss (BPWc), and the Bethe—Peierls-Weiss (BPW) theories. 


The top number of each pair 


es = 6 


is & and the bottom number is I. 


= 8 





MF BPWc BPW 


BPWce BPW 





0-499 
0-1445 


0-410 
0-164 


0-3333 
0-1667 


0-162 
0:0587 


0-154 
0:0615 


0-1250 
0:0625 


0-08203 
0-0328 


0-06667 
0-03333 0-0321 
0-05128 
0-0205 


0-04167 
0-02083 0-0202 
0-03515 
0-01406 


0-02857 


0-01429 0-0139 


0-08396 


0-05200 


0:03549 


0:316 
0-115 
0:1107 
00451 


0-289 
0-124 


0-2500 
0-1250 


0-1085 
0-0465 


0-09375 
0-04687 


0:05869 
0-0245 


0:05787 
0:0248 


0-05000 
0:02500 


0:03648 
0-0153 


0:03617 
0-0155 


0-03125 
0:01563 
—0-02480 0:02495 
0-0107 


0-02143 
0-01071 
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Table 2. Values of 0/T ny for some antiferromagnetic compounds 


6/Te 


Temperature range 





Compounds 


Exp. 


BPW theory | 


(nn only) | 





1:18* 
1-48+ 
1-78} 
1:52§ 
1:36§ 


* Reference (17). 


+ H. Bizerre and B. Tsat, C.R. Acad. Sci., Paris 212, 119 (1941). 


t Reference (20). 


§ N. ELuiotr. Private communication. 


For example, for the simplest case of two sub- 
lattices, the ratio should lie in the range 1-1—1-5 if 
only one type of interaction is present (the exact 
value depending on m and So). However, as L1@)) 
has pointed out, if @ is deduced from measure- 
ments at temperatures not too high compared with 
T;, then values larger than the theoretical one 
must be expected. 

Six compounds—MnFs, FeF2, LaFeO3, LaCrOg 
KFeF3 and KCoF3—have been chosen for the 
comparison. MnF»2 and FeF2 both have the rutile 
structure, in which the magnetic lattice is body- 
centered tetragonal. Strictly speaking, each mag- 
netic atom has two nearest neighbors, one in each 
direction along the c-axis. However, it seems likely 
that the important interactions are super-exchange 
interactions between a “central” atom and its eight 
corner neighbors, and the neutron-diffraction re- 
sults2) support this view. The other four com- 
pounds all have pseudo-perovskite structures, 9,14) 
in which the magnetic lattice is approximately 
simple cubic. Each magnetic atom has six nearest 
neighbors and is separated from each of them by 
an intervening anion. The neutron-diffraction 
data(l5.16) are consistent with the idea that the 
principal magnetic interaction in these compounds 
is a superexchange interaction between nearest 
neighbors. ‘Table 2 gives the available information 
on the 6/7, values. The last column shows the 
range of temperatures in which the susceptibility 
measurements from which @ was determined were 
made. 


The experimental data which are needed, in 
conjunction with equations (10a) and (10b), to 
determine J are given in Table 3. In view of the 
results of BizerTE and Tsai on the effect of 
particle reorientation on the magnetic suscepti- 
bility of antiferromagnetic compounds, it would be 
preferable to use only data on single crystals. Un- 
fortunately, such data have been obtained only for 
MnF»; however, for this compound there are two 
different sets of data, due to FoNEeR®? and to 
BizeTteE and Tsar.0% We have quoted only 
Foner’s data in the table, but the two sets are in 
good agreement and give essentially the same re- 
sults for J. The results on the other four com- 
pounds have been taken on_ polycrystalline 
samples. The accuracy of these results is difficult 
to assess, but it is probably around +10 per cent, 
as compared to an estimate“? of +2 per cent for 
the MnF» data. The LaFeOg3 values are perhaps 
the least reliable, inasmuch as there is some evid- 
ence(20) of a first-order phase transition in this 
material near the Néel temperature. 

The last column of Table 3 gives the values of 
Cy which were used in the calculation. In prin- 
ciple, it would be better to use experimental values 
of Cy, as this helps to take into account certain 
effects, such as the orbital contribution to the sus- 
ceptibility, which cannot be estimated accurately 
by theoretical methods. However, if the data are 
not taken at very high temperatures, the measured 
values may be considerably in error. We have 
compromised by using the theoretical spin-only 
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Table 3. Data on antiferromagnetic compounds 


Compounds So 


Mol 2 
FeFo 

LaFeO 
LaCrO 
KFeF 
KCoFs3 


WNW UND UW) 


* Reference (17). 
+ H. Bizerrt 
(1941). 
t Reference (20). 
§ Reference (14). 


and 


Ty(°K) 


Xu(Ty) 
(cgsu/mol) 
0-0251* 
0:01967 
0-00211f 
0-00196t 
0-0113 
0:00835 


> TSAI, ta a Acad Sci . Paris 212, 119 


N. E.Liiott. Private communication. 


values where they seem to be applicable (for 
MnF:, LaFeO3, LaCrO3) and the experimental 
values in the other three cases. 

As the evaluation of | ]|/k by the three different 
theories shows much the same pattern for each of 
the six compounds, it will be sufficient for com- 
parison of the theories to show the detailed results 
for a single system only. Table 4 gives such results 


Table 4. Values of | J\/k for Fek> 


J k from 
X(T x) 
ME 


BPWe 
BPW 


for FeF9. First of all, we notice that the discrepancy 
between the corresponding values of | J|/k decreases 
as we go from the molecular-field theory to the 
B-—P-W the Ory; this gives some confidence that the 
more rigorous theory does give quantitatively 
better results. Also, the molecular-field theory 
gives too high a value for | J| by the 7'y method and 
too low a value by the X(7v) method; from equa- 
tions (10a) and (10b), one can see that this be- 
havior is a direct consequence of the fact that the 
molecular-field both the 
Néel temperature and the susceptibility at the 
Néel temperature. 


theory overestimates 


Table 5 gives the | J|/k values determined for all 
five compounds by the B-P—W equations. The last 
column, marked W, lists | ]|/k values proposed by 
Horan et al.'8) from their analysis of the specific 
heats of antiferromagnetic compounds. 

Table 5. Values of |]|/k determined by B-P-W 


theory 


Values of | J |/k from 
Compound - - | 


LaFeO3 
LaCrO3 
KFeF3 
KCoFs3 


* Reference 8. 


4. DISCUSSION 

The agreement between the values of J obtained 
by different methods on the same compound is 
seen to be reasonably good. The discrepancy that 
does exist may be attributed to one of four causes: 
(a) a defect in the Heisenberg—Dirac model itself, 
(6) a defect in the B~P—W approximation, (c) the 
existence of more than one kind of interaction in 
the compounds studied, and (d) experimental 
error. We have no way of separating these various 
contributions, but it is worth noting that the 
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average discrepancy is little, if any, larger than 
would be expected from the estimated experi- 
mental error alone. Obviously, no general con- 
clusions can be drawn from an analysis of data on 
only six compounds, but the results are suffici- 
ently encouraging to suggest that further investiga- 
tions of this type be made. It would be desirable to 
extend the comparisons by studying more com- 
pounds and by making several different kinds of 
observations on the same compound. 

We would like to remark again that the results 
recorded in Table 5 bear only on the self-consist- 
ency of the Heisenberg—Dirac model and not on its 
general validity. What the results do suggest is that 
for each of the six compounds there exists a num- 
ber, J, which, when inserted in the appropriate 
B-P-—W- equations, will give a reasonably quanti- 
tative (say, +10 per cent) description of the high- 
temperature properties of these systems. It is, of 
course, in keeping with the spirit of the Heisenberg— 
Dirac model to interpret the J’s as exchange in- 
tegrals, and those who are interested in the calcula- 
tion of such integrals may find useful information 
in a comparison of the magnitudes of the values of 
J in Table 5. For example, it appears that in the 
iso-structural perovskite-type compounds, the 
superexchange through oxygen is appreciably 
larger than that through fluorine. This result is 
consistent with general ideas about the relation 
between superexchange and electronegativity of 
the intervening anion.8,21) Moreover, it is tempt- 
ing to attribute the difference in J value between 
FeF and KFeF3, where the two compounds have 
the same anion and the same magnetic cation, to 
the smaller Fe*+-F-—-Fet+* bond angle in FeFs. 
These remarks, however, must be regarded only as 
speculations. 

In connection with the general validity of the 
Heisenberg—Dirac model of antiferromagnetism, 
MaArsHALL®) has studied the ground state pre- 
dicted by this model for spin } and for simple 
lattices with nearest-neighbor interactions only. 
His results indicate that the ground state is dis- 
ordered in all the cases investigated, and thus 
antiferromagnetism does not occur. This result, 
however, is not as incompatible with ours as 
might seem at first glance. For instance, thé 
Heisenberg—Dirac model may still produce anti- 
ferromagnetism for Spo > 4. Also, the ground-state 
investigations refer to the low-temperature pro- 
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perties of the system, while our comparisons have 
been concerned with the high-temperature pro- 
perties; there is no reason in principle why the 
model should not give correct predictions in one 
temperature range and not in the other. As an ex- 
ample of a way in which this might happen, 
MarsHALL has noted that there are probably some 
ordered states which have energies almost as low 
as the ground state, and thus the introduction of 
some other small terms, notably anisotropy, into 
the Hamiltonian might be sufficient to produce an 
ordered ground state without affecting the high- 
temperature properties very much. The calcula- 
tions of TAKETA and NAKAMURA(2) lend some sup- 
port to this argument. 
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Résumé—On envisage une solution solide ot des atomes “‘actifs’’ A sont substitués, au hasard, 
aux noeuds d’une matrice inactive B. On étudie un phénoméne de propagation qui fait-seulement 
intervenir les atomes A. Ce cas se rencontre notamment pour les bandes d’impuretés des semi- 
conducteurs, et pour les ondes de spin d’un alliage 4 un constituant ferromagnétique. 

I] existe une concentration critique en atomes B, en dessous de laquelle, par un effet purement 
géométrique, ces atomes ne forment que des édifices moléculaires, ou ‘‘amas’’, de dimensions finies 
(paires, triplets, etc.). Dans ce domaine, le spectre des niveaux d’énergie est discret. Au contraire, 
pour toutes les concentrations supérieures 4 la valeur critique, il existe des amas infinis, donnant un 


spectre continu et une conductivité statique finie. 


Abstract—The paper deals with some propagation phenomena in binary solid solutions AB, the 
wave being carried by A atoms only. Such a situation is encountered in impurity bands for semi- 
conductors, and also for spin waves in alloys with one ferromagnetic component. It is found that 
below a critical percentage of A atoms (depending on the range of the couplings) the A atoms always 
belong to finite ‘‘clusters’’ (different clusters being unlinked by the wave equation). The eigenvalues 
spectrum of the wave equation is then discrete. Above the critical percentage, one finds both finite 
and non-finite clusters; the eigenvalue spectrum has a continuous component, and a finite static 


conductivity may occur. 


1. INTRODUCTION 

SoiT une solution solide AB, ot des atomes 
“actifs’’ A sont substitués, au hasard, aux noeuds 
(¢) du réseau périodique de la matrice B. Deux 
exemples nous serviront a préciser ce que nous 
entendons par atomes “‘actifs’’. 

ler Exemple : les atomes A sont porteurs de spins 
S, et couplés ferromagnétiquement entre eux par 
une énergie d’échange. La matiére B est, elle, mag- 
nétiquement inactive. La question de savoir dans 
quelles conditions un tel alliage admet un point 
de Curie bien défini a été soulevée par FRIEDEL”), 
On peut y apporter une réponse au moins partielle, 
en étudiant, aux basses températures, la stabilité de 
l’ordre ferromagnétique a l’égard des premiéres 
excitations de spin. Il faut donc déterminer les 
niveaux d’onde de spin de l’alliage désordonné. Ce 
sont les valeurs propres £ de |’équation de pro- 


* Presently with the Department of Physics, Univer- 
sity of California, Berkeley, California. 


pagation 
Ea; = 22' ja;Jij (1) 


ou a représente l’ampliude de la déviation du 
7@ spin, et ot la somme ~’; est limitée aux sites 
qui sont également occupés par des atomes A. 

2e Exemple : les atomes A forment une “bande 
d’impuretés” dans un semi-conducteur. A chaque 
atome A, situé au site (7), est associé une orbitale 
di(R), et on cherche, dans l’approximation des 
liaisons fortes, des fonctions d’onde a un électron 
de la forme 


$(R) = aidi(R) (2) 


Si les 4; relatives a des sites différents sont ortho- 
gonales, on a encore pour les a une équation du 
type (1). 

Dans la suite, nous nous limiterons au cas ou 
seuls les premiers voisins sont couplés entre eux. 
Cette simplification correspond mal aux situations 
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physiques usuelles, mais elle sera utile pour mettre 
en relief les résultats essentiels (ceux-ci ne sont pas 
modifiés qualitativement tant que la portée des 
couplages reste finie). Par un choix convenable de 
l’échelle des énergies, (1) peut alors étre écrite : 
Ea; 

ou la somme =,” est limitée aux premiers voisins 
de l’atome A, occupés par des atomes A. C’est a 
cette forme réduite que nous nous intéresserons 
dans la suite. 

Lorsque tous les noeuds du réseau sont occupés 
A, les solutions de (3) sont des 
ondes planes a; = exp(tk- Rj) (ot. R; est la co- 
ordonnée du ?e site) et les niveaux correspondants 


par des atomes 


sont 


4 me! ; 

E(k) y exp{ik(R;—R;)} (4) 
Dans (4), la somme S est étendue a tous les 
(z). Le fait 
un spectre 


premiers voisins d’un site quelconque 
essentiel est que ces niveaux forment 
continu. Introduisons maintenant des atomes B. Si 
leur concentration est faible, ils produisent une 
simple déformation du spectre continu. 

Au concentrations 


atomes . 


contraire, aux faibles en 
1, ceux-ci sont pour la plupart isolés. II 
leur est associé un seul niveau E = 0 fortement 
dégénéré. Quelques atomes A forment des paires et 
+1. Quelques uns en- 


core forment des triplets et donnent trois niveaux, 


donnent deux niveaux E 


etc. La série ainsi engendrée converge rapidement 
dans ce domaine (voir Section 3) et le spectre 
global est discret. 

Que se passe-t-il dans le domaine intermédiaire? 
Chaque atome A appartient a un “amas” de n 
atomes A. L’équation de propagation ne couple 
que les atomes d’un méme amas. Le rang n de 
Les amas infinis 


l’amas peut étre fini ou infini. 


jouent un role a part: ils contribuent seuls au 
spectre continu et aux phénomeénes de transport 
sur des distances macroscopiques. II est donc 
essentiel de déterminer le pourcentage d’atomes A 
engagés dans des amas infinis. Nous exposons ici 
deux méthodes d’approximation qui permettent 


de 


calculer ce pourcentage. L’application et l’ex- 
tension de ces calculs en vue de |’étude du spectre 
de valeurs propres, ou de la conductivité, sera 


faite dans une publication séparée (a paraitre dans 
le Journal de Physique). 
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2. ETUDE GEOMETRIQUE DES AMAS 
Faisons choix d’un site origine O (quelconque) 
et soit P;(x) la probabilité pour que O soit occupeé 
par un atome A qui appartienne a un amas de 
rang n. Nous poserons par convention 
(5 
( 


6 


) 
) 


Les probabilités P,(x) pour n fini se calculent de 
la fagon suivante: pour chaque forme possible 
d’amas contenant O, on détermine : (a) le rang 
de l’amas; (b) le nombre m d’atomes B qui sont 
voisins d’au moins un atome A de |’amas. Ces m 
sites constituent l’adhérence de l’amas. Soit Anm le 
nombre total d’amas qu’il est possible de réaliser, 
contenant O, de rang 7 et d’adhérence formée de m 
atomes B. On a 


P(x) (7) 


> Naym 
LAnmx"y 
m 


Les facteurs y spécifient que tous les points de 
l’adhérence sont bien des atomes B. Nous don- 
nons dans le Tableau 1 les valeurs des Pn(x) relatives 


Tableau 1. Valeurs de Py(x) 


(1) Réseau cubique simple 


Py xy® 

Po» 6x210 

P2 36x3y13 

P, 43.9154 91416 96174 1218) 

Ps = x9(60y!7-+ 495y18+ 1140y!9+ 780y204 
180y21-+- 15?) 


9x34 14 


(2) Réseau cubique centré 


Py 
Po 
P: 


xy? 
8x74 14 

36y! 36y17) 
2 5 + . x 7 
(3) Réseau cubique a faces centrées 


4 quelques types de réseaux, et pour les premiers 
ordres n.* 


* Similar tables (for m < 3) have been previously given 
by R. E. BEHRINGER, J. Chem. Phys. 29, 537 (1958). 





AMAS ACCIDENTELS DANS 
La probabilité pour que O appartienne 4 un amas 
infini d’atomes A est obtenue par différence : 


i? 8) 


En limitant dans (8) la somme 4a ses premiers 
termes, on obtient une valeur approchée par excés 
de S(x). L’aspect des courbes ainsi obtenue (Fig. 
1) suggére l’existence de deux domaines de con- 
centration dans lesquelles le comportement de S(x) 
differe. 
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Aux faibles concentrations, S(x) est identique- 
ment nulle. En effet, 

(a) S(x) et ses dérivées convergent uniformé- 
ment sur un segment fini (Ox,). Pour un réseau 
cubique simple par exemple, l’adhérence m est 
inférieure a 4n+-2 (cette valeur étant obtenue par 
un amas en forme de chaine linéaire) : 

Pp(x) 


. (2A ‘a m)x"y In+2 
m 


La série & Py converge puisque sa somme est 
n 


bornée par I; et la valeur maxima de xy? est 44/59. 


05 


Fic. 1*. Probability S(x«) that a given lattice site 0 belongs 
to an infinite cluster. (The lattice is simple cubic.) Curves 


ai, m.... 


(n) are overestimates of S(x). (Curve (7) 


gives the probability that 0 belongs to a cluster contain- 


ing n+ 


1 atoms or more.) Curves I and II are deduced, 


respectively, from the first and second approximations 
described in text. 


Aux fortes concentrations (pratiquement pour 
x S 0/5), S(x) est tres voisin de x d’apres la Fig. 1. 
Presque tous les atomes A sont engagés dans un 
méme amas infini et la série (8) converge rapide- 
ment. Toutefois, nous ne sommes pas parvenus a 
démontrer la convergence uniforme de (8) dans ce 
domaine. 


*Although the paper is written in French the captions 
are given in English to make the major results accessible 
in both languages. 


Donec (& Anm) est majoré par le terme de rang n 
d’une série géométrique de raison 55/44, ce qui 
suffit 4 montrer la propricté. 

(b) Les dérivées (d"/dx" S),,—9 sont toutes nulles: 
pour la dérivée d’ordre n, seuls interviennent les 
amas de rang g <n. Substituons donc au cristal 
infini un cristal fini de f, atomes, assez grand pour 
contenir tous les amas de rang g < » et leurs ad- 
hérences. Soient P,’ les probabilités qui se sub- 
stituent aux Py dans ces conditions 
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dn & 
_— P | Q (9) 
ee : z=0 


Donc sur un segment Ox-;, S(x) est égale a S(o), 
donc est nulle : il n’y a pas d’amas infinis dans ce 
domaine de concentration. 





Fic. 2. Results of second approximation for the three 


cubic lattices. 


Nous allons maintenant substituer a (8) un 
développement approché qui lui est identique pour 
les premiers termes, que nous pouvons sommer, et 
qui fait apparaitre directement un ‘‘point critique”’ 
x¢. La méthode consiste a dénombrer les premiers 
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amas construits a partir de O, puis a itérer la con- 
struction de ces amas pour en obtenir de plus 
grands. L’itération est approchée, car elle n’exclut 
pas certains recouvrements entre les parties suc- 
cessives de l’amas ou de Il’adhérence. Nous en ex- 
poserons le principe sur le réseau cubique simple, 
et nous citerons simplement les résultats pour 
d’autres réseaux. Posons 


(10) 


F(x) P P,(x) = 1—S(x) 
0 


y+x[G(xy)]® 
(y = 1—x) (11) 
Dans (11), nous avons séparé le cas ou O est un 
atome B, et la fonction G(xy) doit engendrer des 
amas a partir d’un premier voisin P; de O, sachant 
que O est un atome A. 
On écrit donc dans la premiere approximation 


G = y+xG5 (12) 


(L’exposant 5, au lieu de 6, tient compte du fait 
que O est déja un atome A). Dans la deuxiéme ap- 
proximation, on remplace (12) par un systeme 





“1 


Fic. 3. Iteration of clusters in a simple cubic lattice. 


d’équations, destiné a construire au mieux les amas 
de 3 atomes A. Ici, ces amas sont de deux types, 
selon que les trois points sont alignés ou forment 
un angle droit. Pour engendrer les amas a partir de 
P2 (Fig. 3) sachant que O et P; sont des atomes A, 
nous introduirons une nouvelle fonction H(xy). 





AMAS ACCIDENTELS 


Par contre, nous engendrons ceux qui sont issus de 
P3; nous utilisons encore G (en effet, la présence 
d’un atome A en O ne limite la construction des 
amas 4 partir de P3 que pour des rangs élevés). On 
pose donc 


G = y+xGH4 (13) 


I] faut maintenant une équation pour H. Lorsque 
O, P;, Po sont des atomes A, il reste seulement 4 
sites voisins de P2 a explorer (P;' a été exploré en 
méme temps que P; grace au facteur G® dans 
(11)). Pour ces 4 sites, on néglige, comme pour P3, 
le fait que O est occupé, ce qui donne 


H = y+xGH3 (14) 


(11) et (12) ou bien (11), (13) et (14) déterminent F 


en fonction de x et y = 1—x dans la lere et dans 
la 2e approximation respectivement. (Les sys- 
témes correspondants pour différents réseaux sont 
regroupés dans le Tableau 2). 


Tableau 2 


le 2e 


approximation approximation 





Cubique simple | G = y+xG® G = y+ xH'!G 
H = y+xH3G 





+-xG5H? 


7 = y+xG" G =; 
+ xG3H 


Cubique 4 faces 
centrées H 





Cubique centré ; = y+xG G = y+ «GH;?H?? 
Hy, = y+-xGHi?He 
He = y+xGH?He? 


Si l’on voulait réaliser des approximations 
d’ordre supérieur, il ne faudrait pas seulement 
modifier le systeme qui donne G, mais aussi l’équa- 
tion (11). Que peut-on déduire en pratique des 
systemes du Tableau 2? On vérifie d’abord, en 
développant la solution en série de x et y con- 
sidérés comme variables indépendantes, que les 
premiers termes du développement (10) sont cor- 
rectement reproduits et que les termes suivants 
sont peu différents numériquement de la valeur 
exacte. 

D’autre part, quelque soit le réseau (tridimen- 
sionnel) et l’ordre d’approximation (1 ou 2) 
lorsque 1l’on fait y = 1—x, chaque systeme admet 
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pour F(x) deux solutions réelles sur |’intervalle 
(01), dont l’une est F = 1, et dont l’autre est telle 
que F(1) = 0. Les deux déterminations se coupent 
pour une valeur x, de l’intervalle 01. Partant de 
x = 0, on doit d’abord suivre la premiére, puis a 
partir de x, la seconde détermination. Les ré- 
sultats sont représentés sur les Figures 1 et 2. On 
suit clairement, grace 4 cette approximation, 
l’apparition des amas infinis. Les points critiques 
X- estimés de cette facon sont donnés dans le 
Tableau 3. 


Tableau 3 


Qi me 


approximation 


1ere 
approximation 


0-224 


0-192 





Cubique simple 0-200 





0-143 


Centré 





Face centrée 0-091 0-162 


Il est interessant de comparer ces valeurs a 
celles de Sato et al.2) obtenues par une methode 
tres differente. 

Mentionnons ici les propriétés particulieres de 
la chaine linéaire. Pour tout x # 1, il n’y a que des 
amas finis d’atomes A. S(x) est nul pour x < 1 et 
discontinu pour x = 1. Ceci est du au fait qu’un 
nombre méme faible d’atomes B répartis sur la 
chaine suffit 4 la couper en segments finis. 


3. CONCLUSIONS 

Par un effet purement géométrique, les atomes A 
ne forment aux basses concentrations que des 
édifices purement “moléculaires’”, ou amas. Aux 
concentrations plus élevées, ils forment en outre 
des édifices “‘macromoléculaires” ou amas de rang 
infini. Ces derniers apparaissent brusquement a 
une concentration bien déterminée, x,; la valeur 
numérique de x, dépend uniquement de la struc- 
ture du réseau. 

Nous n’avons calculé ici cette concentration 
critique que pour des couplages entre premiers 
voisins. On retrouverait toutefois le méme phéno- 
méne dans tous les cas tridimensionnels pourvu 
que la portée des couplages entre atomes actifs 
soit finie (x- étant évidemment d’autant plus 
faible que cette portée est grande). 
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Ces résultats sont a rapprocher des théoremes 
sénéraux de BROADBENT et HAMMERSLEY®), re- 
latifs &4 une situation voisine ow les liaisons entre 
atomes (et non la position de ces atomes) sont 
aléatoires. La transposition de ces théoremes 4 la 
situation qui nous intéresse ne nous fournit mal- 
heureusement qu’une borne inférieure pour la con- 
entration critique. 

Nous n’avons pas abordeé ici les problemes de 
lensité de niveaux, ni les phénomeénes de trans- 
port dans la bande formée par les atomes A. Ces 
questions sont étudiées plus en deétail dans I’article 


déja mentionné du Journal de Physique. Qualita- 


tivement, les conclusions rejoignent celles 


1’ ANDERSON"), 
] 


pius 


qui sont relatives a une situation 


beaucoup générale. L’intérét du modeéle 


simple que nous avons adopte est d’expliquer, dans 
un cadre moins abstrait, l’origine et les effets des 


Nous en 


cations physiques : 


résumons ici les 


les atomes A sont des porteurs de 


its magnétiques couplés ferromagnétique- 


ment, ie spectre des ondes de spin s¢ deforme au 


fur et 4 mesure que l’on ajoute des atomes B, puis 


t 


disparait pour x x¢. Pour x < X¢, le systeme se 


comme une collection d’amas finis 


compose 
d’atomes A et sa fonction de partition est donc une 
il n’y a pas 


fonction réguliére de la température : 


int de Curie bien défini dans ce domaine. 
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(2) Lorsque les atomes A forment une bande 
d’impuretés dans un semi-conducteur comme Ge 
ou Si, il est tentant de relier x;, 4 la concentration 
critique qui apparait aux basses températures pour 
la conductivité et pour le temps de relaxation spin 
réseau. L’interprétation de cette derniere pro- 
priété repose sur le fait que des électrons itinérants 
subissent plus fortement l’action perturbatrice du 
réseau que des électrons liés 4 des atomes A isolés. 

Toutefois, nous ne pensons pas que ce probleme 
puisse étre résolu sans tenir compte des corréla- 


tions de Coulomb entre porteurs. 
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Abstract—The effect of pressure has been measured on the optical absorption edges of certain 
molecular crystals, including HgeCle, HgeBre, Hgele, Cl4, Snl4, CBra, SnBr4a and CIsH. In general, 
the gap decreases with pressure at a rate which tends to accelerate with increasing pressure. The rate 
of shift of the edge depends strongly on the halogen involved, in contrast to ionic crystals where the 
shift of the edge depends largely on the structure and the cation. An extrapolation of the data 
indicates that by 300,000 atm most molecular iodides would have zero optical gap. 


THE effect of pressure has been measured on the 
absorption edges of a series of halogenated mole- 
cular crystals, including HgeCle, HgeBro,Hgole, 
CBr4, Cly, SnBra, SnI4 and CIsH. Table 1 lists 
the sources of the crystals, the wavelength at 
atmospheric pressure from which the edge was 
measured and the approximate absorption coefh- 
cient at which the shift was measured. All samples 
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Fic. 1. Shift of the absorption edges of the mercurous 
halides with pressure. 
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were studied in the form of fused powders. The 
high-pressure optical techniques have been des- 
cribed elsewhere.“-*) The shifts with pressure are 
shown in Figs. 1-5. The mercurous halides all 
crystallize in the tetragonal D4," structure, Cl, 
and SnlI4 have the cubic 7;,° structure, CBra and 
SnBrg have the monoclinic Cg, point group, while 
CIsH crystallizes in the hexagonal C¢»° lattice. 
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Fic. 2. Shift of the absorption edges of several molecular 
iodides with pressure. 


The samples were fused into pellets in a press 
under 20,000 atm. The pellets were inserted into 
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Table 1. Sources and properties of compounds studied 


Compound 


Source and estimated purity 


vo at 


1 atm a(cm~!) 





HgeCle 


J. T. Baker Chemical 


Reagent grade 


I IgoBre 
CP grade 


Hgele 
N.F. 


Eastman Kodak 
Reagent 


CBr, 


Cly 


Merck and Co 
N.F. 


ClIsH 
SnBra 
Reagent 


Snl 


+ 


British Drug Houses Ltd. 


Fisher Scientific Co. 


City Chemical Corp. 


Fisher Scientific Co. 


18,500 


23,000 
100 


28,600 


19,500 170 


Purified reagent 


* Prepared by the method of Lister M. W. 
Faraday Soc. 37, 393 (1951). 


Trans 


the bomb between salt crystals and fused in, using 
30,000 atm pressure. On several occasions a given 
sample was run up to 50,000 atm two or more times, 
and the shift of the edge with pressure was identical 
in each run. Previous studies”) comparing soft 
materials as powders and single crystals gave 
identical results. The shifts were measured re- 
latively high on the edge at « ~ 100-300 cm", be- 
cause in this region the shifts were independent of 
absorption coefficient. Out farther on the tail 
(x = 10-30), the shifts depended somewhat on z. 

All substances showed a red shift with pressure, 
which, in general, was linear or accelerated with 
increasing pressure (see Figs. 1-4). Compressi- 
bility data are available only for CI3H, but 
BriDGMAN“*5) has measured the compressibility 
of many molecular crystals. [In Fig. 5 the shift of 
the edge for CIsH is plotted versus pressure (solid 
curve) and versus relative density (dotted curve). ] 
In every case the compressibility decreased rapidly 
with increasing pressure (usually by a factor of 4-6 
in 50,000 atm). It is clear, then, that all these 


and SuTTonN L. E., 
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Shift of the absorption edges of several molecular 
bromides with pressure. 
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crystals would show;a decrease of optical energy 
gap with compression which would increase 
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Fic. 4. Shift of the absorption edge of CI4 with pressure 
(vo = 18,500 cm-). 


rapidly with increasing compression. Such a shift 
has been noted for sulfur. 

There appear to be no quantitative theoretical 
studies of crystals of this type, but certain 
regularities can be noted, particularly in 
comparison with previous studies on ionic 
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Fic. 5. Shift of the absorption edge of CHI3 with 
pressure and the density (vo = 23,000 cm). 
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halides. 3-7) In ionic halides having the same lattice 
symmetry and cation, the shift with pressure was 
substantially independent of the anion, probably 
indicating that the bottom of the conduction band 
consisted of metal-ion wave functions only. For 
the molecular crystals (e.g. Fig. 1), the shifts 
depend rather definitely on which halogen is in- 
volved. The very close similarity in the com- 
pressibilities of the halogenated molecular crystals 
measured by BRIDGMAN almost surely eliminates 
the possibility that the spread in shifts with pres- 
sure is primarily a result of varying compressi- 
bility. It seem reasonable that both the ground 
state (top of the valence band) and excited state 
(bottom of the conduction band or exciton state) 
involve halogen-ion wave functions. 

Both the atmospheric edge and the shift with 
pressure are much more similar among the iodides 
than among the bromides. This would seem to im- 
ply that, in the iodides, both the top of the valence 
band and the bottom of the conduction band are 
strongly dominated by the iodine wave functions 
while in the bromides the carbon, tin and mer- 
curous wave functions must contribute to a 
somewhat greater extent. 


Table 2. Estimated pressure to reduce the optical 
energy gap to zero at 25°C 


Pressure 
Pm (atm) 


vo at 1 atm 
(cm~) 


Compound 





1,670,000 
366,000 
284,000 
283,000 
195,000 
258,000 
144,000 
167,000 


CBr4 
SnBre 
HgeCle 
CHIs3 
Hge2Bre 
SnlIy 
Hgale 
Ci4 


30,250 
28,600 
23,250 
23,000 
21,250 
19,500 
19,400 
18,500 


Table 2 shows the pressure at which the optical 
absorption edge apparently extrapolates to zero. 
For some compounds (e.g. CI4) the extrapolation 
is quite accurate; for others, particularly CBrq, the 
extrapolation is so large as to have little or no 
quantitative meaning. It seems clear that the gap 
will have disappeared for all the iodides below 
300,000 atm. 
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CALCUL DE LA RESISTIVITE DES CAVITES 
SPHERIQUES DANS LE CUIVRE 
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Résumé—Nous avons calculé la résistivité introduite dans le cuivre par des cavités sphériques de 
différentes tailles. 

Les cavités ont été représentées par des potentiels carrés, dont la hauteur a été fixée afin de cal- 
culer exactement l’effet d’écran provoqué par les électrons de conduction. Le probléme de diffusion 
a été résolu exactement par la méthode des ondes partielles. La résistivité supplémentaire par lacune 
présente un faible maximum pour des cavités contenant deux lacunes; elle décroit lentement pour 
des cavités plus grandes; elle n’est diminuée que de moitié pour des cavités contenant 100 lacunes; 
la section efficace de diffusion est encore nettement inférieure, dans ce cas, 4 la section classique 
d’une sphére dure de méme rayon. 


Abstract—The authors have calculated the resistivity introduced in copper by spherical cavities of 
different sizes. These voids are represented by square potentials whose height is calculated in order 
to determine exactly the influence of the screening conduction electrons. The diffusion problem has 
been completely solved by the partial wave method. 

The supplementary resistivity increment due to one vacancy exhibits a small maximum for voids 
composed of two vacancies, and slowly decreases for the larger cavities. ‘This resistivity increment is 
only decreased by one-half of its initial value for voids containing 100 vacancies. The effective diffu- 
sion cross-section is still much smaller, in this case, than the classical cross-section of a hard sphere 
of the same radius. 


1. INTRODUCTION 
Nous considérons la diffusion des électrons de 
conduction d’un métal par des cavités sphériques 
de différentes tailles, et nous allons ainsi déter- 
miner la résistivité introduite par lacune en fonc- 
tion du nombre des lacunes dans ces cavités. 

On peut penser que, pour des cavités de trés 
grands rayons a, cette quantité décroit comme 1/a. 
Nous voulons savoir si une telle loi est encore 
valable pour des rayons a qui ne sont pas tres 
grands vis-a-vis des dimensions atomiques, et en 
particulier si la résistivité par lacune ne commence 
pas par croitre avec a pour de petits rayons. Un 
effet de ce type avait été suggéré par Motr™ pour 
expliquer la résistivité des alliages a amas de 
GUINIER®), 


2. GENERALITE SUR LA METHODE 
Nous avons calculé la diffusion des électrons 


*Laboratori CISE, Milano, Italia. 
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dans l’approximation de choc élastique, avec une 
surface de Fermi sphérique. Si l’on suppose le 
potentiel 4 symétrie sphérique, on a alors pour le 
temps de vie 7 des électrons : 


(1) 


Nv [{ (1—cos8)1(8) dw 


ou N est le nombre de centres de diffusion par 
unité de volume, wv la vitesse des électrons diffusés, 
(8) la section efficace de diffusion a l’angle 6 et 
dw l’élément d’angle solide. 

La résistivité Ap provoquée par une concentra- 
tion c des centres de diffusion est alors donnée par 
l’expression : 

mv 
Ap = c— 2n | (1—cos 8)/(8) sind dw 
Pr -* 
ou p est le nombre d’électrons de valence par atome, 


~ 


Re) 
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v la vitesse des électrons au niveau de Fermi, m et 
e respectivement leur masse et leur charge. 

Nous avons considéré des cavités sphériques 
représentées par un potentiel carré dont nous 
avons déterminé le rayon a, en imposant que le 
volume correspondent soit égal au volume des n 
lacunes dans la cavité, et la hauteur V, en im- 
posant que la charge déplacée soit égale a la charge 
Q,, soustraite par la cavité. 

On peut résoudre alors exactement le probleme 
en dévelopant la fonction d’onde de |’électron au 
niveau de Fermi en ondes sphériques dont la 
partie radiale doit vérifier ]’équation : 


Vy pour 7 


0 


an 


V pour 7 > ap. 


La solution de l’équation (3) donne a grande 
distance des fonctions non perturbées mais car- 
actérisées par des déphasages 7; qui dépendent de 
k’, c’est-a-dire de Vy (formule (4))) : 


RanJi+y (R’ An i-a( , 


tgn, 


On peut remarquer que les déphasages 7, dé- 
pendent du métal considéré seulement a travers la 
quantité ka, qui est la méme pour tous les métaux 
de méme valence. 

On peut ainsi 


y 2 
einai 2141) 
From (k'a in)° 7 nar . k 


Si (Ray 


exprimer d’une facon trés 


a, =0 


)J-1- (Ran) )+ Ji 


“Rite 7 
2/+1 


x 
t la condition d’écran (6) par les 


générale Ap (5) e 
déphasages™) : 





yi : 
kan Ji+s(k ‘An — 


n|3 1+ (Ran)? 


Ii (Ran) \— Ji+s( (kan) Pew 1+3( (ka In) + Ja-( H (Ran 
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c 


(5) 


se” sin? (%—-1) 


l 


2 
b 3 (21-41) 


l 


On (6) 


3. METHODE DE CALCUL 

Pour avoir une idée sur la valeur qu’il fallait 
choisir pour V,, nous avons d’abord calculé les 
déphasages 7; correspondants a différentes valeurs 
de n avec k’ = 0, c’est-a-dire avec un potentiel de 
méme hauteur que |’énergie des électrons. Dans 
ce cas, les déphasages sont donnés par la formule 
(7) plus maniable que (4) : 


(ka) — Jrsy(ha) 
- (7) 





as noel (ka)+ )+J--3(Ra) 


2/+1 


L’introduction des déphasages ainsi calculés 
dans la formule (5) nous a permis de déterminer que, 
jusqu’aux valeurs de m que nous avons considérées 
(1 <n < 100), il fallait choisir un potentiel plus 


n)—R’ aalis (Ran). Via 4 (4) 


k'an) 


nth’ andl i (Ran) i (ha) 


petit que l’énergie des électrons pour avoir une 
valeur exacte d’écran. 

Nous avons obtenu des informations plus pré- 
cises sur le potentiel en analysant la variation de 


On avec (k’an)? 
“e 


(Ran) J-1 


] Ran te 
2/43 2/+1 14te? . 


(Ran) 
(8) 


Cela nous a permis de déterminer la variation 
qu’il fallait apporter a k’a,, pour obtenir a peu 
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prés les bonnes valeurs du potentiel. A ce point le 
calcul a été confié 4 une machine 4 calcul qui nous 
a donné, pour chaque 2, les valeurs du potentiel et 
des déphasages qui vérifiaient la formule (6) 
jusqu’a la 5 décimale. 


4, RESULTATS 

Les valeurs numériques des déphasages et du 
potentiel ont été calculées pour un métal mono- 
valent et les Ap correspondants pour le cuivre; on 
obtiendrait des allures tout a fait analogues pour 
les autres métaux monovalents. 

Les bonnes valeurs du potentiel sont repré- 
sentées dans la Fig. 1 en fonction du nombre n 





3,70 








—s 20 60 80 


Nombre des lacunes dans les cavités n 
Fic. 1. Variation de ko2a12 et k’2a12 = (kr? —ko?)a12 
avec le nombre de lacunes par cavité. $ko? est la hauteur 
du potentiel, 4k? l’énergie de Fermi et ai le rayon 
d’une lacune. 


des lacunes dans la cavité. La droite donne |’én- 
ergie cinétique des électrons et la valeur du poten- 
tiel choisi pour le calcul de premiére approxima- 
tion (k’a, = 0). 

Les résultats pour Ap/cn sont reportés dans la 
Fig. 2, courbe 1, ot nous avons représenté la ré- 
sistivité par lacune en fonction du nombre des 
lacunes dans la cavité. 

Pour donner une idée sur la fagon dont Ap/en 
varie avec la hauteur du potentiel, nous avons re- 
porté encore sur la Fig. 2 les résistivités obtenues 
d’une facon tout a fait analogue, par des potentiels 
de mémes dimensions géométriques mais de hauteur 
différente et toujours indépendante de n. 

Ils sont respectivement égaux a |’énergie des 
électrons de Fermi (k’a, = 0) pour la courbe 2, a 
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l’énergie d’extraction des électrons (DEXTER®)) 
pour la courbe 3, et infinis pour la courbe 4. 

Les différentes courbes, sauf la 2 qui corres- 
pond a un potentiel a peu prés de la bonne valeur, 





Nombre des lacunes dans les cavités n 


Fic. 2. Résistivité par lacune (Ap/nc) en fonction du 

nombre n de lacunes par cavité. 1—potentiel 4 ko? de 

la Fig. 1; 2—ko = kr; 3—potentiel de DExTER") ; 4—ko 
infini. a, = ai¥/(n) pour les quatre courbes. 


sont assez éloignées de la courbe 1. Evidemment, 
dans ces trois cas, la condition d’écran n’a pas été 
satisfaite. Pour faire une comparaison entre les 
résultats relatifs a des potentiels de forme différ- 
ente, mais vérifiant la relation (6), nous avons 
effectué le calcul de Ap/nc pour des potentiels 
ayant une hauteur égale a celle de deux des poten- 


tiels précédents (k’dn =0, Vn = 00) mais en 
ajustant le rayon a» de la sphere de fagon que la 
relation d’écran (6) soit satisfaite. 

Les résultats sont représentés sur la Fig. 3 
(courbes 2’ et 4’), ot nous avons aussi reporté la 


Nombre des lacunes dans les cavités n 


Fic. 3. Résistivité par lacune (Ap/nc) en fonction du 
nombre m de lacunes par cavité. 1—comme Fig. 2; 
2’ et 4’ comme 2 et 4 (Fig. 2) en ajustant le rayon a, 
pour satisfaire la relation (6). Sur 4’, (Ap/nc) = 0,25 
pQ-cm pour n = 2500. Pour m = 1, le point donne la 
valeur de JONGENBURGER(®); la croix donne la valeur 
d’ABELEs(?); pour n = 2, le point et le losange donnent 
les valeurs de SEEGER‘) pour des potentiels respective- 
ment sphérique et ellipsoidal. 
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courbe | de la Fig. 1. Les trois modéles présentent 
un accord assez bon, surtout pour les grandes 
valeurs de m. Ceci montre que, dans des calculs 
de ce genre, le point critique est la relation (6) 
plutét que la forme du potentiel choisi. Les courbes 
montrent que la résistivité par lacune décroit assez 
lentement : pour ” = 100, elle est encore presque 
moitié de sa valeur pour les lacunes isolées. 

En ce qui concerne les petites cavités, méme les 
valeurs calculées en tenant compte de la relation 
different Le rap- 
prochement avec des calculs analogues exécutés 


(6) sensiblement entre elles. 
pour la monolacune avec des potentiels plus 
soignés, ) fait penser qu’il est plus correct d’ajuster 
la hauteur du potentiel en laissant inaltérées les 
dimensions géomeétriques de la lacune : c’est cette 
méthode qui a été utilisée ici pour la courbe 1.* 

En passant de la monolacune a la bdilacune, la 
condition d’écran entraine une forte augmentation 
du potentiel qui se répercute par une trés légere 
augmentation du Ap/nc, plutét que par une diminu- 
tion. Naturellement, l’approximation sphérique 
n’est pas directement applicable pour la bi- et 
trilacune; 4 ce propos, nous avons reporté 
toujours sur la Fig. 3, les données de SEEGER®) re- 
latives 4 la bilacune, données obtenues en con- 
sidérant un potentiel infini et en ajustant les 
dimensions géométriques de la cavité de fagon a 
satisfaire la relation (6). 

Une comparaison entre les deux approximations 
géométriques différentes de SEEGER, l’une a cavité 
sphérique et l’autre a cavité ellipsoidale, montre que, 
dans ce dernier cas, le Ap/nc est supérieur de ~ 2 
pour cent; cela peut faire penser que, si 1’on 
tenait plus correctement compte dans nos ap- 
proximations de la forme géométrique, le léger 
maximum observé pour la bilacune pourrait étre 
encore augmenté, bien qu’assez peu. Seul un 
calcul plus pourrait naturellement 
donner une réponse sire. 

Nous avons comparé la quantité on, = 27 f (1 
que l’on peut considérer 


rigoureux 


cos 8)/(8)sin 6 dé, 
comme la section efficace pour ces problemes de 
conductibilité électronique, avec la section classique 


*La Fig. 3 montre que, pour la monolacune, nous 
trouvons pour ko et Ap des valeurs un peu différentes 
d’Apetts'?), qui a utilisé les mémes approximations. 
Ces différences sont uniquement dies a une meilleure 
précision des calculs faits 4 la machine pour la déter- 
mination du potentiel et des déphasages. 


et J. FRIEDEL 


man” d’une sphére dure de rayon ay. Le résultat est 
représenté sur Fig. 4. 

On peut remarquer que l’approximation de 
sphére dures classiques ne reproduit pas l’allure 
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Nombre des lacunes dans les cavités n 
Fic. 4. Rapport de la section efficace o, d’une cavité 
a la section efficace classique 7a,” d’une sphére dure de 
méme rayon a,. Valeurs déduites de la courbe 1 (Fig. 
2 et 3), et portées en fonction du nombre n de lacunes 
par cavité. Le fléche donne la valeur du rapport déduite 
de la courbe 4’ (Fig. 3) pour m = 2500. 


du phénoméne dans le domaine étudié par nous, 
mais que on peut s’attendre a un meilleur accord 
pour de plus grandes cavités (on a vérifié par ex- 
emple que le rapport considéré Fig. 4 est voisin de 
1 pour m = 2500). 

On pourrait penser considérer la section efficace 
A quantique pour un potentiel infini et pour de 
plus grandes cavités en utilisant la formule asymto- 


tique pour les déphasages 
0 pour] > ka 
(9) 


d’une fagon analogue a ce que |’on a fait pour la 
section de diffusion totale.“ En fait, il ne semble 
pas que cette hypothése soit tres justifiée : l’allure 
asymptotique est valable seulement pour / < ka, 
et il y a un assez grand intervalle dans lequel la 
formule (9) n’est pas applicable. Et pour / ~ ka, 
elle entraine méme des déphasages de signe con- 
traire. D’autre part, dans nos formules, soit pour 
le calcul, de Ap, soit pour l’application de la con- 
dition d’écran, il y a toujours un facteur 7 qui 


—ka+l(n/2) pour! ka etn, 


Uli 
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renforce la contribution des déphasages a grand I. 
Ainsi la charge déplagée calculée avec |’approxi- 
mation (9) n’a méme pas le bon signe. On s’est 
donc contenté d’une comparaison avec la formule 
classique. 
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Abstract—The structure of a new electron-deficient color center (V-center) in LiF has been deter- 
mined from its paramagnetic-resonance hyperfine spectrum. The electron deficiency is localized on 
three fluoride ions which form an obtuse isosceles triangle lying in a (001) plane with the height 
along a [110] direction. The orbital of the unpaired electron is primarily determined by the crystal- 
line field and is of the z-type, in contrast to previously discussed V-centers. There is evidence that 
the electron deficiency is associated with an aggregate of three vacancies, so that the charge is com- 


pensated. 


1. INTRODUCTION 
AMONG the alkali halides, the fluorides are parti- 
cularly suitable for a determination of the structure 
of electron-deficient color centers, V-centers, by 
means of electron spin resonance. The existence of 
a single naturally occurring fluorine isotope, )°F, 
which has nuclear spin 1/2 and a large nuclear 
magnetic moment, gives rise to relatively simple 
resolved hyperfine spectra which have a chance to 
be interpretable, even for rather complex centers. 
In this paper we shall describe the structure deter- 
mination of an electron-deficiency center in LiF 
by means of a study of its hyperfine spectrum.t 
The structure of this new V-center differs signi- 
ficantly from that of other V-type centers.(2-4) It is 
not primarily determined by a molecular o bond 
between halide ions. Instead, the orbital involves 7 
bonds, which indicates that the crystalline field 


plays a very important part, in contrast to the case 
of other V-centers. The electron deficiency is 
iocalized on three fluoride ions, which form an 
isosceles triangle. We therefore call the new center 
throughout this paper a V;-center. It is not yet 
known which optical absorption bands are associ- 


ated with it. 
It is very probable that the V;-center exists also 
in other alkali halides. However, its hyperfine 


*Permanent address: Institute for the Study of 
Metals, University of Chicago, Chicago, Illinois. 
+The results of a preliminary analysis have been 


| 


previously reported." 


spectrum in chlorides, bromides or iodides would 
be extremely complicated and difficult to identify. 


AND DETECTION OF THE 
Vi-CENTER 

The V;-center is present in LiF crystals (ob- 
tained from the Harshaw Chemical Company) after 
X-irradiation at liquid-nitrogen temperature, to- 
gether with several other types of paramagnetic 
centers.-4) The paramagnetic-resonance spec- 
trum of the V;-center is most readily observed in 
absorption at 20°K. At this temperature a con- 
venient power level can be chosen (H; ~ 0-1 G), 
so that the resonances of most other paramagnetic 
centers are saturated. The shape of the resonance 
lines is essentially gaussian at 20°K and below. The 
static line width is ~ 12 G at 20°K. The absorp- 
tion signal saturates more easily than the dis- 
persion signal, indicating that the lines are in- 
homogeneously broadened.) Above 40°K the lines 
have distinct Lorentzian tails, and near 50°K the 
spectrum becomes smeared out. Upon recooling, 
it reappears unaltered, indicating that the smearing 
out is due not to some annealing or recombination 
process, but merely to a shortening of the relaxation 


2. GENERATION 


time. 

Irreversible changes take place, however, when 
the Lif crystal (X-rayed at 78°K) is warmed up to 
130°K. At this temperature important annealing 
processes occur. The V-centers described in earlier 
work) disappear. Thermoluminescence, release 
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9191 MC H/ [100] 
Fic. 1. 
(a) Paramagnetic-resonance spectrum of the V;-center for Ho|\[100]. Derivative 
of absorption recorded at liquid-hydrogen temperature. Frequency 9-191 kMc. 
(a few weak lines due to other types of centers could not be completely suppressed). 


(b) Decomposition of the experimental spectrum into two basic spectra. 


of charge, changes of the optical absorption spec- 
trum and an anomalous volume change have been 
observed. 6:7) The concentration of V;-centers in- 
creases by a factor of two to three through these 
annealing processes. This may indicate that it is an 
uncharged center. The V;-center disappears ir- 
reversibly at a temperature between 150 and 


205°K. Possibly the thermoluminescence and the 
charge release observed near 190°K- are con- 
nected with this annealing process. 


3. DESCRIPTION AND QUALITATIVE INTER- 
PRETATION OF THE HYPERFINE SPECTRUM 


The paramagnetic-resonance absorption spectra 
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(a) Paramagnetic resonance spectrum of the V;-center for Ho||[110]. Derivative 
of absorption recorded at liquid-hydrogen temperature. Frequency 9°311 kMc. 


(b) Decomposition of the experimental spectrum into three basic spectra. 


of the V;-center taken at liquid-nitrogen tempera- 
ture with the d.c. magnetic field Ho parallel to the 
crystal axes [100], [110] and [111] are reproduced 
in Figs. 1-3. If the field Ho is rotated by a few 
degrees about the axes [001] or [011], the lines 
split in a way similar to that described in detail for 
the V-center.) The lines in a given spectrum split 
in a different way and thus can be classified 


according to their splitting patterns, i.e. the spectra 
can be decomposed into “basic spectra’. In Figs. 
1-3 these basic patterns are represented schematic- 
ally by the line drawings underneath the recorder 
traces, 

For Ho)\\[100] (Fig. 1), one finds two basic 
spectra, each consisting of eight lines of almost 
equal intensity. The intensity ratio of the two 
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(a) Paramagnetic resonance spectrum of the V;-center for Ho|\[111]. Derivative 
of absorption recorded at liquid-hydrogen temperature. Frequency 9-191 kMc. 


(b) Decomposition of the experimental spectrum into two basic spectra. 


spectra is about 4:2. For Ho||[110] (Fig. 2), three 
basic spectra are observed, with an intensity ratio 
of about 1:4:1. Two of these consist of eight 
lines of about equal intensity, whereas in one basic 
spectrum two lines are degenerate, so that a six- 
line pattern with the intensity sequence 1:2:1: 
1:2:1 results. For Hojj[111] (Fig. 3), the spec- 


trum decomposes into two basic spectra of roughly 
equal intensities. One of these is an eight-line 
pattern with equally intense lines; the other one is 
a six-line pattern with the intensity sequence 
EY $3 $b 2 

The numbers of basic spectra, as well as the 
ratios of their integrated intensities, are the same 
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as for the V-center.‘2-3) Thus we can conclude 
that the V;-center has orthorhombic overall sym- 
metry with axes parallel to [110], [110] and 
[001}.°@-3) All equivalent sets of axes are equally 
populated. 

The average g-shift is positive; a more quantita- 
tive determination is very difficult and was not 
carried out. The total spread of the paramagnetic- 
resonance spectrum of the V;-center for any orient- 
ation of the crystal in the d.c. magnetic field is very 
close to the spread of the V-center spectrum®) for 
the same orientation. These two facts indicate that 
the spectrum is the hyperfine spectrum of an elec- 
tron deficiency (hole) on fluorine ions, as in the 
case of the V-center. A comparison of the orienta- 
tion-dependence of the total spread with that of the 
V-center spectrum suggests that the axis of maxi- 
mum total hyperfine interaction is parallel to a 
[110]-type axis of the crystal. In Figs. 1-3 the 
basic spectra are characterized by the angle @ be- 
tween the d.c. magnetic field and this axis of the 
center. 

The basic patterns of eight (= 2*) equally in- 
tense lines show that hyperfine interaction occurs 
with three fluorine nuclei. The six-line patterns 
with the intensity sequence 1:2:1:1:2:1, on the 
other hand, suggest that two of the nuclei are 
equivalent with respect to special orientations of 
the d.c. magnetic field. Hence the symmetry of the 
center is the symmetry of an isosceles triangle. 
From the orientations in which the six-line pat- 
terns occur, we can infer without ambiguity that 
the plane of the triangle is a (001) plane. Therefore, 
the following principal axes can be chosen for the 
entire center: 

[110]. 
[110]. 
[001}. 


The &o-axis can be defined as the axis of maxi- 


Height (or base) of the triangle Eo 
Base (or height) of the triangle n0 
Normal of the plane of the triangle Co 


mum hyperfine spread. At this stage of the analysis 
it cannot be decided whether it is parallel to the 
height or to the base of the triangle. 

At this point it is useful to consider the tensors 
T) which describe the hyperfine interaction with 
the three fluorine nuclei z 1, 2, 3. The nuclei 1 
and 3 are located on the base of the isosceles 
triangle and nucleus 2 is on the apex. The principal 
axes of the hyperfine tensors are designated by 
The symmetry of the entire center 
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requires then: 


(1) The principal axes of T‘) are parallel to the 
principal axes of the entire center. 

(2) The principal axes of T® and T®) are rotated 
by an angle +6 or —6, respectively, about 
C2 with respect to the axes £0, 2, Co (see Fig. 
4). 


The axes &; are chosen to be the axes of maximum 
hyperfine interaction with the nucleus 7. 

The geometrical argument which led to the con- 
clusion that two nuclei are equivalent requires now 
some qualification. Consider, e.g., the case where 
Hp is along a [110]-type axis of the crystal. Purely 
geometrically, the nuclei on the base of the triangle 
(numbers 1 and 3) are equivalent with respect to 
Ho, no matter whether Hp is along the base or 
along the height. Therefore, one would naively 
expect that in Fig. 2 the basic spectrum labelled 
6 = 90° should be a six-line pattern just as in the 
case of the spectrum labelled 6 = 0°. Similar geo- 
metrical considerations would suggest that the 
90°-spectra in Fig. 1 and 3 should be six-line 
spectra, in contrast to the observation. However, it 
was shown in the work on the V-center®) that for 
holes on fluoride ions degeneracies of this kind are 
lifted when the angle @ between the field Ho and 
the axis of maximum hyperfine interaction is close 
to a right angle (within about 20°). One can, there- 
fore, conclude that the axes of maximum hyperfine 
interaction with nuclei 1 and 3 (axes & and és) 
deviate by an angle of less than 20° from the axis 
£9. Fig. 4 illustrates schematically the possible con- 
figurations of the axes of hyperfine interaction with 
the three nuclei. 


4. DETERMINATION OF THE TENSORS OF 
HYPERFINE INTERACTION 


As in earlier work,“ we now analyze the hyper- 
fine splitting in terms of a spin Hamiltonian of the 


form 


H g08) : S:H:+S- > T -” (1) 
£0 : 


where go is the spectroscopic splitting factor of the 
free electron and g that of the V;-center for the 
particular orientation in the d.c. magnetic field 
H;. Here Bo is the Bohr magneton, and S is the 
spin operator of the electron and J that of the 
nucleus 2. 
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Fic. 4. Possible orientations of the principal axes of the hyperfine tensors that are compatible 
with the qualitative features of the hyperfine spectra. The axes §&; (thick lines) are the axes of 
maximum hyperfine interaction. 


We shall now show that a first-order approxima- 
tion yields a sufficiently accurate description of the 
hyperfine spectrum. In this approximation the 
hyperfine splitting can be represented as the sum of 
the contributions aj, a2 and ag from the three 
nuclei z = 1, 2, 3. We characterize the lines in the 
basic spectra by the nuclear quantum numbers mj. 
The labelling given in Fig. 5 turns out to be the 
correct one. The basic patterns contain four in- 
dependent line separations: dj, dz, dz and dj. 
Second-order terms are automatically eliminated 


by measuring these separations as shown in Fig. 
5. The three contributions a; should be consistent 
with the following four equations: 


dy = a,+42+43 
dg = —a,+ado+a3 
dz = a,+a2—a3 


d4 = —a,+a2—A3 


where one puts a; = a3, dz = dz for the six-line 
pattern. It is found that these linear relations hold 
within a few per cent for all basic pattern an Figs. 
1-3 (except, of course, for the 90° pattern). Table 
1 summarizes the a; values derived from the mea- 
sured line separations dj. 


Table 1. Contribution of the three nuclei to the 
hyperfine splitting for various basic spectra 


Direction 
of Ho 


Angle between a a2 a3 
Ho and £0 (G) (G) (G) 





362 
299 
334 
244 


[100] 362 | 1122 
[111] 299 924 
[100] 192 808 


[110] , 151 601 


In the first-order approximation, the hyperfine 
splitting in gauss is given by the eigenvalues of the 
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-i/2 V2 -I/2 /2 -\/2 i/2 -I/2 


1/2 1/2 1/2 1/2 -I/2 -'/2 -I/2 -I/2 


1/2 1/2 -/72 -WW2 1/2 V2 -/2 -1/2 


magnetic quantum 
basic spectra. 


Assignment of nuclear 


the hyperfine lines of the 


c. magnetic field of 


the hyperfine tensors T can be deter- 


lirectly from the quantities a; in Table 1. 


he possible orientations of the principal axes 


are consistent with the observed 
. 4. The tensor T?) is 
ated, since it is diagonal in the system 
[001]. Thus we 


hat 
tnat 


ire sketched in Fig 


Her » are the direction 


magnetic field in the &9, no, Lo 


cosines ¢ 
our experimental values for a@o(@) 


1 
consistent with such a ten- 


" mpone nts of the diagonalized hype rfine 


tensors. 


The determination of the tensors T®) and T®) 


requires a little more algebra, since the angle of 
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tilt 5 (see Fig. 4) is an additional unknown quant- 
ity. Note that T) and T®) differ only in the sign of 
8. The experimental values of a;(@) and ag(@) are 
consistent with a tilt 6 = 17°. The resulting prin- 
cipal components of the three (diagonalized) 
tensors are listed in Table 2. 


5. ELECTRONIC STRUCTURE OF THE V:-CENTER 

The interpretation and analysis of the hyperfine 
spectrum (hfs) given in Sections 3 and 4 establish 
that the spectrum arises from a hole localized on 
three F- ions. The hole interacts with the nuclei 
both directly via its own dipole-dipole and contact 
interactions and indirectly through exchange 
polarization of the core.-10* This hyperfine 
interaction is completely characterized by the 
hyperfine tensors T introduced in equation (1). 
It is convenient to decompose each hyperfine 
tensor T into a traceless part P“ and an in- 
variant part S$; 


P=T-S, 


S = SU, where U = unit tensor (3) 


S dtr (T). 


In the vicinity of each of the three nuclei, the 
wave function of the hole resembles an atomic 
2p-function possibly hybridized with an atomic 
s-function. The p-part of the wave function con- 
tributes only to P and the s-part only to S through 
the direct interaction; for that reason we call P the 
p-part and S the s-part of T. The nature of the in- 
direct contribution can be understood as follows. 
Core electrons of spin opposite to the hole have an 
exchange interaction with it, whereas those of the 
same spin do not. As a result, the orbital wave 
functions of two core electrons of opposite spin 
differ somewhat. In particular, the values at the 
nucleus of the 1s and of the 2s wave functions are 
no longer the same for both spin directions. Thus, 
through exchange polarization of the core, a p- 
electron or hole can given rise to a non-vanishing 


s-part, even in the absence of hybridization.7 


*The possibility of core polarization was neglected 
in Ref. (1), and brought to our attention inde- 
pendently by Professor C. Loncuet-Hicerns, Dr. J. A. 
Pope, Dr. E. W. Hart and Dr. G. D. WATKINS. 

+There is also a modification of P but it is of no 


significance for the present considerations. 


was 
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Separation of the tensors T“) into their respec- 
tive s- and p-parts provides a basis for the qualita- 
tive determination of the electronic structure of 
the V;-center. The principles employed in the 
analysis are derived from the following properties 
possessed by T in the atomic case and in the tight- 
binding limit: (i) For a p- function, the principal 
components of P satisfy the relations 


Peg = —2P. —2Pex (4) 


i.e. the maximum component of P, P-;, is along the 
lobe of the p-function, (ii) The part of S arising 
from hybridization of the p-function with an s- 
function has the same sign as Pe¢. (iii) The part of 
S arising from core polarization has a sign opposite 
to that of Pz-. The basis for statement (iii) is an 


1” 


approximate numerical calculation made for an 
electron in the 2p-shell of Nat+.2% A physical 
analysis of the core-polarization effect then shows 
that the same sign should hold for a hole in the 
2p-shell of F-. 

The wave function of the hole in the V;-center 
can be represented as a linear combination of 
atomic orbitals (LCAO). The actual hyperfine 
tensors T') of the V;-center then differ from what 
would be expected in the tight-binding limit 
primarily because of the overlap of the atomic 
orbitals centered on adjacent nuclei within the 
center. The narrowness of the individual lines of 
the spectrum indicates that overlap with atoms 
outside the center can be neglected. The effect of 
overlap within the center is to replace the equali- 
ties in (4) by a set of inequalities which can readily 
be inferred from the qualitative features of a given 
LCAO wave function. Statements (1), (ii) and 
(iii) are essentially unaffected by overlap, provided 
the overlap is not too great. 

Only the magnitudes of the principal compo- 
nents of the JT are determined from experiment. 
We have accordingly decomposed the T™ into s- 
and p-parts for all possible choices of the signs of 
T,,, and T,,¢ relative to that of 7;;, which is as- 
sumed positive for convenience. Examination of 
the results, given in Table 3, shows that the maxi- 
mum component of P is P;- for each nucleus, 
whatever the choice of sign. We can immediately 
conclude from (i) that the lobes of the atomic p- 
functions in the LCAO wave function nearly 
coincide in direction with the principal axes &. 
The LCAO wave functions satisfying this require- 
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3. Decomposition of the hyperfine tensors 


Nucleus (7) Sign S 





178 

231 

os ie 

326 194 


The signs given in the second column refer to Typ 
and Ty; in that order; the sign of Tz¢ is assumed positive. 
The decomposition is carried out according to equation 
(3). The bold-face entries are which satisfy 
equation (5) and hence are consistent with the proposed 


those 


electronic structure. 


ment are depicted in Fig. 6 for each of the possible 
sets of axes shown in Fig, 4. 

For possibilities A and C of Fig. 6, the pre- 
sence of a p-function along € on the central atom 
forces the wave function to be odd with respect to 
reflection in the yofo plane passing through the 
central nucleus. Therefore, no hybridization with 
an s-function can occur on this nucleus, and S°®) 
must arise entirely from core polarization, so that 
it can only be negative, according to (iii). But 
Table 3 shows that S() is positive whatever the 
choice of sign, which rules out possibilities A and 
C. 

Since the interaction of the unpaired electron 
with nuclei other than 7 = 1, 2 and 3 is small, we 
can consider the V;-center to be a triatomic 
“molecule-ion”. From the above analysis of the 
hyperfine splitting we can infer that it is almost 
linear. If this molecule-ion were in free space, the 
hole would very probably be in a po state. How- 
ever, we have just ruled out the possibilities of po 
type, A and C in Fig. 6, leaving only possibilities 
of px type, B and D. The molecular binding is 
therefore probably weak compared to the inter- 
action with the crystal field, indicating (a) that the 
interatomic separations are larger than those in 
ordinary molecules and (bd) that there is a strong 
crystal field. From (a), it seems likely that all three 
atoms are near sites occupied in a perfect crystal. 
From (b), it seems likely that the molecule-ion is 
closely associated with a charged lattice defect. 
Since the annealing behavior suggests that the 
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a: 


» aaa eas —_ 


Schematic representation of the various LCAO wave functions discussed in the text. 


The p-parts are represented by figure eights and the s-parts by circles. The relative signs 
of the p-parts have been assigned to give the highest energy for the level in which the 
electron is missing. Note the following symmetry requirements: 


(a) In possibilities A and C, no s-function is allowed on the center nucleus 2, and the signs 
of the s-functions on the outside nuclei 1 and 3 must be opposite. 
(b) In possibilities B and D, s-function on the center nucleus 2 is possible, and the signs 
of the s-functions on the nuclei 1 and 3 are the same. 


The relative signs of the s- and p-function are specified later. 


V;-center as a whole is neutral, the lattice defect 
probably has a single negative charge. The simplest 
such defects are a positive-ion vacancy, negative- 
ion interstitial, and two positive-ion vacancies 
bound to a negative-ion vacancy in a common 
nearest-neighbor position. It is difficult to imagine 
a center containing either a positive-ion or a 
negative-ion interstitial which has the observed 
symmetry and orientation, as well as approximate 
collinearity of the three atoms. Further, the inter- 
stitial center would not be consistent either with 
(a) or with (6). We therefore propose the atomic 
structure depicted in Fig. 7 for the V;-center. 
This model for the V;-center corresponds in a 


general way to Seitz’s“)) model for the center that 
gives rise to the optical V4-band in KCI and 
KBr.“)) Unfortunately, none of the optical ab- 
sorption bands in X-rayed LiF has been established 
to be the analogue of the V4-band in KCl and KBr, 
nor have we attempted to correlate our magnetic 
resonance spectrum with an optical absorption 
band in LiF. The identity V; = V4 will be very 
difficult to prove, particularly because the hyper- 
fine spectrum of the V;-center is probably so com- 
plicated in KCl and KBr that it would be impos- 
sible to recognize and analyze it. 

The crystal fields produced by the three va- 
cancies displace the three fluorine atoms towards 
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Proposed association of the triatomic ‘“‘molecule- 
ion’’ with a vacancy complex. 


Fic. 7. 


the vacancy complex in the manner indicated in 
Fig. 7 because of the net positive charge on each 
atom. In addition to its displacement, each atom is 
polarized so as to increase the probability of find- 
ing the hole near the vacancy complex. This 
polarization is the source of the high degree of 
s—p hybridization indicated by the large values of 


fo 


| 
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S® in Table 3. The polarization argument rules 
out possibility B, leaving only D (see Fig. 6), and 
requires that the relative signs of the s- and p- 
orbitals on a single atom be as shown in Fig. 8. 
Finally, the requirement of maximum energy for 
the electron-deficient energy level leads to the 
relative signs of the orbitals on different atoms 
shown in Fig. 8, which completes the qualitative 
determination of the electronic structure of the 
V,-center. 

We must now establish that the proposed elec- 
tronic structure is consistent with the observed 
hfs. We use principles (i)—(1i1) to do so, noting that 
the relative weakness of the interatomic bonding 
lends an a posteriori justification to the approxima- 
tions made in the analysis. The overlaps suggested 
by Fig. 8 reduce the amplitude of the wave func- 
tion in the regions between atoms 1 and 2 and 
between atoms 2 and 3, the effect being maximal in 
the ono plane. The inequalities corresponding to 
equation (4) are therefore 


(i) 
Ui] 


> 2|P 


w 


Further, Pz, and P,, should both be negative, but 
this occurs for all choices of sign. There is indeed 


one choice of signs for each nucleus which is 


fi 0) 


F~ VACANCY 


A. Lit VACANCY 
\ 








8. Relative signs and orientation of the wavefunctions suggested by 
crystalline-field and energy-level considerations. 
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consistent with equation (5), namely the choice 
corresponding to the bold-face entries in Table 3. 

We note that the pattern of overlap in Fig. 8 
suggests an angle of tilt for the p-functions on 
nuclei 1 and 3 somewhat larger than 6. We also 
note that the large, positive values of S for all 
three nuclei suggest a relatively small value for the 
core-polarization contribution to S. 

To summarize, by comparative consideration of 
hyperfine tensors, annealing behavior, molecular 
energy levels, symmetry properties and crystal 
fields, we have determined both the structure of 
the V;-center and the signs of the hyperfine tensor 
components. It is noteworthy that this analysis 
proved possible and that it unexpectedly led us toa 
wave-function of pz type. 
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Abstract—Measurements of Faraday rotation due to free electrons have been used to deduce values 
of dE/dk as a function of kr for the conduction band of InSb. An £/k curve is obtained by numerical 
integration to a height of 0-15 eV from the bottom of the band. The results show excellent agreement 
with the band shape calculated by Kane by the & « p perturbation. A value of mo*, the mass at k = 0, 
is found from the slope of dE/dk at k = 0, the average value obtained being 0-0143 mo. 

The rotation due to free electrons is found to have an opposite sense to that associated with inter- 


band transitions. 


1. INTRODUCTION 
THE Faraday effect, i.e. the rotation of the plane of 
polarization of a beam of radiation under the in- 
fluence of a magnetic field along the direction of 


propagation, is given by: 
@ = Hwl]e)(n,—n-) (1) 


where w is the circular frequency, / the thickness of 
the specimen, and m, and n_ are the refractive 
indices for the right and left circularly polarized 
components of the plane-polarized beam. 

At wavelengths beyond the absorption edge of a 
semiconductor, this differential magnetic disper- 
sion has two origins: (a) free carriers in either 
valence or conduction bands, when the effect mea- 
sures the differential dispersion to be associated 
with cyclotron-resonance absorption, and (6) 
bound carriers, in which the dispersion is associ- 
ated with the absorption found in band-to-band 
magneto-optical effects. The rotation due to (6) 
has been found for many materials since 1877 and 
recently for some semiconductors by vON KIM- 
MEL”), The rotation is characterized by a de- 
pendence on wavelength as 1/A?. 
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MITCHELL) suggested that the free-carrier effect, 
which by contrast increases as A2, could be used to 
determine the effective mass of free carriers. In the 
present paper measurements of this effect are de- 
scribed, and the method is used to explore the con- 
duction band shape in indium antimonide. The 
measurement of dispersion, implicit in the Faraday 
rotation, is, unlike absorption, independent of 
collision time + and depends only upon the struc- 
ture of the energy band and the number of carriers 
(see also SPITZER and FaN®)), Thus, by comparison 
with a cyclotron-resonance (CR) experiment, the 
requirements are far less stringent, and measure- 
ments may be performed under a wide variety of 
conditions of temperature, number of carriers 
wavelength and magnetic field. 

The Faraday effect is of particular interest in 
the study of the conduction band of InSb, where 
the CR measurements (DresseLHaus et al.(4), 
Keyes ef al.5)) show that the band is markedly 
non-parabolic, although the energy surfaces are 
spherical. 

Indium antimonide is also convenient because 
the rotation depends on 1/m*? and is therefore 
large. Small magnetic fields only are required, and 
the conditions may be chosen so that the quantum 
effects associated with large Landau splitting in 
high fields and at very low temperatures may be 
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avoided, with resultant simplification of the theo- 
retical treatment. 

It should be noted that the infrared free-carrier 
Faraday effect, in which w We and tw 1, 
gives quite different information from the micro- 
observed by Rau Caspari®) 


we), which essentially measures the 


wave effect and 
(whe re wma 
mobility of the carriers. 

The experimental values of m* obtained as a 
function of kr, the wave vector at the Fermi sur- 
face, are compared with theoretical predictions 
from Kane’s band theory. 

Preliminary measurements on InSb were de- 
scribed by us at the Brussels Solid State Congress 


and the Rochester Semiconductor Conference. 


2. THEORY OF FREE CARRIER ROTATION 
(a) Simplified theory 

We shall first discuss the rotation in a simple 
classical form and then show how it can be general- 
ized to the conditions of our experiment by quot- 
ing results from the treatment of STEPHEN and 
Lip1arp®), From the classical equation of motion 
of an electron of mass, m*, in a field B parallel to 
the direction of the radiation, the complex re- 
fractive indices (n,—ak,) for right and left cir- 
cularly polarized radiation are given by: 


Ne? m* weg 
—W + Wet 1) T 


eB/m* is the cyclotron resonance fre- 


(nz —1tkz)? = e+ 


where we 
quency. 


Now 


Ne? 1/7 ‘ 
| 
m* weg (—wtw,-)?+1/r? 


2nik. +- 


gives CR absorption for ”,k,, which depends upon 
1/7 and hence the relaxation mechanism. Observa- 
tion of the resonance itself requires further that 
wt > 1. By contrast the magnetic dispersion is 
given by: 
Ne? (w+) (4) 
Gilera D ca: ete eectacteteciamaginmmmantntsininn 
"= mwey (— wt w,)?+ 1/7? 
Observation of Faraday rotation well away from 
resonance in small magnetic fields implies w? 
S> we2, w? > (1/7)? at wavelengths ~ 20 and 
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k? < n*. Hence from equations (4) and (1) we ob- 
tain: 
nO BNe® 


l 2cegm*2.w2 


which is seen to be independent of +. The rotation 
may also be expressed in terms of free-carrier dis- 
persion: 


WA 


dn eB A dn 


6) 
ar , dx ( 


In comparison with the observation of the cyclo- 
tron resonance frequency wo, measurement of 0 
away from resonance implies observing the inte- 
grated effect of all sources of magnetic dispersion. 
However, lattice vibrations of atoms (Reststrahlen 
bands) do not contribute (owing to the dependence 
on 1/m**), and in the case of InSb the holes in the 
valence bands, having a much larger effective mass, 
also give a negligible effect in intrinsic or n-type 
material, Thus, if the interband effect is made neg- 
ligible by using wavelengths sufficiently far from 
the absorption edge, the rotation is dominated by 
conduction 


cyclotron-resonance dispersion of 


electrons. 


(b) General result 

STEPHEN and LipIArD®), in a general treatment, 
relate the Faraday rotation, 0, to the imaginary part 
of the conductivity in the magnetic field. This con- 
ductivity term may be expressed in tensor notation 
(ABELEs and Mer1Bnoom”)) for arbitrary energy sur- 
faces. 


(c) Quantum limits and the non-quadratic dependence 
of Eonk 

The conductivity may be obtained from the 
Boltzmann transport equation, so that it is relevant 
to examine the quantum limits to discover under 
what conditions this treatment holds, With low 
magnetic fields, the conduction band can be filled 
to a much higher energy than the distance between 
adjacent Landau levels, so that the average energy 
of the electrons > hwe (Fig. 1). Also A must be 
> V/(hr/2m), which is well satisfied for wave- 
lengths > 10, so that the wave-packet approach 
inherent in the Boltzmann treatment is justified. 

For the particular case of degenerate filling and 
spherical energy surfaces, STEPHEN and Lip1arpD®) 
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Fic. 1. Schematic representation of Landau splitting 
and positions of Fermi levels involved in the experi- 
ments. 


find from the Boltzmann treatment that: 
6 BNe? 1 dE \2 x 
, 9 9 aa : (7) 
l 2ncegw2 \ h®?k dk /p 

where the subscript F means that k and dE/dk are 

taken at the Fermi surface. This result is inde- 

pendent of the form of the £ versus k curve. The 

rotation @ is thus still given by equation (5), in 

which: 


l I dE 


h?kp | dk ). (5) 


m* 
Thus, by varying Rp, i.e. by varying 
2 4ckp? 


(27)3 3 


N (9) 


the shape of the F versus k curve can be explored. 
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(A similar result for the case of free-carrier dis- 
persion of degenerate materials in the absence of a 
magnetic field has been obtained by Spitzer and 
Fan®)). In the case of spherical surfaces and when 
E « k?, this result reduces to the more usual effec- 
tive mass concept, namely 


1 l 


m* he 


ad2E 
dk? 


With a parabolic band, this latter result is obtained 
independently of the statistics. The possibilities 
are summarized in ‘Table 1. 

The number of carriers N is determined by 
Hall-effect measurements, and in the degenerate 
case this is given simply by: 

1 
R 
Ne 
and is again independent of the form of E(k) for 
spherical surfaces. 


(d) Interband Faraday effect and the sense of rotation 

Under the conditions laid down in (c), this rota- 
tion will be of the form w? AB/(w?—wy,?)?, where 
@g is the frequency corresponding to the energy gap. 
It may be deduced from a paper by BURSTEIN ef 
al.+ that the sense of the rotation is clockwise look- 
ing along the radiation for a semiconductor with 
simple bands, but may depend upon the detailed 
nature of the valence band in more complex 
situations. The free-carrier effect has a rotation 
which is anti-clockwise looking along the radiation 
for electrons, and the opposite for holes. It will be 
seen that in nearly all cases the interband effect is 


+ To be published in Phys. Rev, see Phys. Rev. Letters 
2, 15 (1959). 





Table 1. Interpretation of m* for spherical energy surfaces 


Band shape 


Degenerate statistics 


| Non-degenerate statistics 





1 dE 
h2 dk? 





_ 1 (dE) 
h®kp\ dk! 


) 


Can be computed if E-k 
relationship is known 
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negligible, but, if necessary, corrections may be 
applied to estimate the total free-carrier effect. 


3. EXPERIMENTAL 
(a) Summary of experimental conditions 
Dividing the Faraday rotation @ by the free- 
carrier absorption coefficient K, we obtain: 


(10) 


where y» is the mobility. This determines the 
energy that can be transmitted through a specimen 
for a given rotation @ and so affects the sensitivity 
of the measurement. 

The experimental conditions used were: 

(i) The wavelength region 15-20 was chosen to 
minimize absorption-edge effects, to give sufficient 
variation to test A2-dependence and yet still retain 
sufficient energy for accurate measurements. As 
described later, a suitable polarizer for this region 
had to be made. 

(ii) It was necessary to use temperatures low 
enough to ensure that the samples were degenerate, 
so that kp was well defined. This also had the virtue 
of increasing p, and so increasing the sensitivity. 
This requirement was readily met by cooling with 
liquid nitrogen. 

(iii) The magnetic field was varied between 500 
and 5000 G to check linearity. Thereafter most 
measurements were made at 2000 G, at which 
field fiw, >> 0-002 eV. 

(iv) The number of carriers varied between 
3x 1014 and 6-4x10!7cm-%in the specimens 
examined. The upper limit could be extended if 
suitable material were available, whereas for the 
lowest concentrations rotations were comparable 
with residual interband effects. At the lowest 
filling Ey—E, was several times hiws. 


(b) The apparatus 

The polarizer and analyser were both construc- 
ted from piles of 12 sheets of polyethylene (8u 
thick) set at the Brewster angle. The use of poly- 
ethylene instead of selenium, which has previously 
been used for infrared polarizers, has a number of 
advantageous features. The construction of the 
polarizer is extremely simple and a polarization of 
over 90 per cent is achieved. The polyethylene 
however, scatters significantly in the visible region, 
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so that the image of the source is quite diffuse 
when viewed through the polarizer. An examina- 
tion of the infrared image was made by focussing 
the source (a Nernst filament) on the entrance slit 
of a spectrometer and noting the change in signal 
as the source was moved progressively perpendi- 
cular to the optical axis of the system through a 
distance of a few millimetres. At 16p (i.e. 30 times 
visible wavelengths), it was found that the image 
was not distorted appreciably. Absorption bands 
exist in polyethylene up to 14u, but beyond this it 
shows excellent transparency. However, the 
polarizer can be used at selected wavelengths down 
to 6u, and Faraday rotations were measured over 
the whole range 6-20. 

Radiation from the source passed normally 
through the specimens and was at an angle of 50° 
to the magnetic induction B, the rotation being 
proportional to the resolved component of the 
field along the direction of the radiation. After 
passing through the polarizer, the beam was 
focussed on to an area of specimen 2 5 mm and 
thence through the analyser on to the entrance 
slit of a Leiss double monochromator in which 
either KBr or NaCl prisms were used. As the optics 
of the spectrometer cause significant polarization, 
the “analyser” was arranged to polarize in the 
same plane as the spectrometer and the “polarizer”’ 
made rotatable. 

Observations were made by driving the polarizer 
through 180° from the “parallel” position through 
the “crossed” position and recording the detector 
(thermocouple) output. A symmetrical minimum 
was recorded. A contactor marked every 5° on the 
chart, and the position of the minimum was found 
from a number of symmetrical points (away from 
the minimum) where the signal was changing 
rapidly with angle. The magnetic field was then 
reversed, so reversing the rotation. The scan was 
repeated and the angular distance between the 
two minima found. Accuracy of +1° was usually 
obtained. 

Measurements at 77°K were made with the 
specimen clamped between copper plates in con- 
tact with liquid nitrogen in a cell with KRS 5 


windows. 


(c) Hall-effect measurements to determine N 


Specimens 1011 mm with ground surfaces 
were cut from material adjacent to that on which 
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the Faraday rotation was measured. Subsequently, 
the actual specimens for which the rotation was 
measured were used. Dimensions were uniform to 
~ 1 per cent and the length-to-width ratio was 
> 5:1 to avoid end effects. Spring-loaded plati- 
num point contacts were used for both current and 
Hall probes, as soldered contacts gave unreliable 
results on the purer specimens owing to the in- 
troduction of impurities. The small diffusion 
length (a few microns) in InSb ensures that in- 
jection effects are negligible. Results obtained were 
independent of the dimensions and probe pres- 
sure, the spread in the Hall coefficient being 
<5 per cent. 

A number of considerations lead to the use of 
the relation: 


1 

R v7 (11) 
to evaluate the electron density: (i) the product of 
carrier density and mobility for holes was in all 
cases < 2 per cent of that of the electrons; (ii) 
STEPHEN and Lip1aARD‘®) have shown that equation 
(11) applies for degenerate filling in the case of 
spherical surfaces independent of the form of 
E(k); (iii) R was constant for fields > 800 G and 
the measuring field was > 1000 G; R was slightly 
greater below 800G, a result also found by 
FREDERISKE and HosLeR"®) so that the use of the 
high-field approximation is well supported; (iv) 
several workers(!-4) have shown that energy- 
independent scattering applies at least up to room 
temperature. 

Determinations of carrier densities are estimated 
to be accurate within +5 per cent. 
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4, RESULTS 

(a) Dependence of Faraday rotation on magnetic 
field 

The linear dependence on magnetic field pre- 
dicted by equation (5) was tested for fields be- 
tween 500 and 5000 G. The results for two speci- 
mens with 2 x 1016 and 6-4 10!” conduction elec- 
trons are shown in Fig. 2. Good linearity is found 
in both cases, the greater scatter in the case of the 
intrinsic specimen being due to the sharp tem- 
perature-dependence of the number of carriers 
under these conditions. 


(b) Wavelength-dependence 

The primary measurements of the wavelength- 
dependence of Faraday rotation at 77°K for speci- 
mens with N between 3x10!4 and 6-4x 10!’ 
cm-3 are shown in Figs. 3 and 4. The free-carrier 
effect increasing as A? is arbitrarily plotted positive, 
and the results show that the interband effect has 
the opposite sense. To determine the free-carrier 
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effect, and hence the effective mass of electrons in 
the conduction band, it is necessary in some Cases 
to subtract this residual interband effect. The re- 
sults for the 3 x 1014 cm-3 specimen show that this 
residual is negligible in all other specimens beyond 
15u, as the band-to-band effect does not depend 
significantly on carrier concentration. Near the 
absorption edge, however, the gap shift with filling 


1° 


will influence the interband effect. 


ngth-depenadence 


InSb 
— 
= 
ae —_— 
se 
<tr ey 


of the rotation is ex- 
which v6 is plotted 
S obtained be- 


ines 


three highest electron 
1-1 1016 and 
100 


densities. For th of NV 
N = 2-6x 1015, 


dropped be low the lines as a result of the residual 
* 
Dad 


points at A? have 


interband rotation, which is more nearly com- 


parable with the free-carrier effect up to longer 


wavelengths in these purer specimens than in the 
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impure ones. Good linearity is still obtained how 
ever between 15 and 20y. It should also be noted 
that the value of refractive index, (A), depends 
upon the number of free carriers. Moss et al.“9) 
have shown that at N = 2-0x 1016, the largest 
contribution to the dispersion comes from the 
Reststrahlen band. Thus, for electron concentrations 
up to 3x 1016, the dispersion, which amounts to 
23 per cent in m from 12-20y, is essentially in- 
dependent of carrier concentration, so that the 
2:0 1016 was 


used to compute v6 for all the cases in Fig. 5. For 


measured dispersion“) for N 


higher concentrations, the free-carrier effect domi- 
the for N = 64x 1017 
amounts to ~ 25 per cent in m between 12 and 
20u. Values of n for the 6-4 x 10!’ cm-® specimen 
were taken from Spitzer and Fan®) and verified 
by a determination of relative dispersion by inter- 


nates dispersion and 


ference fringes on the actual specimen. Values of n 
for the case of N = 2:0 101!" could be calculated 
satisfactorily by adding the appropriate free-carrier 
effect to our measured dispersion for N = 2-0x 
x 1016, 

3y determining effective mass from the slope of 
nO versus A, it was therefore possible to avoid 
spurious interband rotation and to correct satis- 
factorily for any free-carrier dispersion, so that 
neither of these effects caused significant errors in 
the values of m*. The values of m* for the various 
specimens which should be accurate to +5 per 
cent, are quoted in Table 2. Values of kp calculated 
SO GIVE Nn. 


from equation (9) are al 


Table 2 


tive index k; 
specific (atomic 


rotation at 184 units) 
0-014 
0-:0096 
0-0050 
0:0037 
0-0023 


0-029 


0-022 


3850 
2040 
0-0178 
0-0165 
0-0131 

~)-013 


The value obtained for 3 x 1014 is inaccurate, as 
the rotation was very small, but is consistent with a 
mass of 0-013. 
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5. DISCUSSION 
From the values of m*/mo in Table 2 we may 
obtain values of dE/dk = kp/m* (in atomic units 
where i = mo = 1) as a function of kp, and these 
are plotted in Fig. 7. This presentation allows us to 
theoretical 
further 


extrapolate to k=O, where, on 
grounds,(”) we expect dE/dk = 0 


1/m* = d2E/dk? at k = 0. 


and 


atomic units 


of conduction band in InSb (in atomic 


units). 


Fic. 7. Slope 


From Fig. 7 values of dE/dk are obtained at 
equal intervals Ak of k. Hence values of AE are ob- 
tained which can be integrated numerically to give 
E(k). The results are shown in Fig. 8. 


Fic. 8. Conduction band in InSb 

In order to make a direct comparison between 
Kane’s calculations and the experimental results 
of Fig. 7, we require theoretical values of dE/dk as 
a function of k. From the k - p perturbation ap- 
proach, Kane) finds that the conduction band is 


given by 


E'(E’—E@)(E’+A)—R? P(E’ + 24/3) 
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where 
E’ = E—h?k?/2mo (13) 
Eg is the energy gap at 0°K (0-23 eV), A is a 
measure of the spin-orbit splitting and is estimated 
as 0-9 eV, and P? is the matrix element, which is 
given by: 
2P2 / 2 | 
ean | 
J Eg EgtA 
where mo* is the effective mass at k 
takes P? = 0-44 atomic units. 
Equation (12) includes the valence and conduc- 
tion band interactions only. KANE makes a more re- 


h?/mo*—h?/mg (14) 


0. Kant 


fined calculation to include perturbations due to 
higher bands, the greatest effect being to reduce F 
by about 4 per cent at the highest k value (0-015 
atomic units) of our experimental points. ‘The term 
h?k?/2mo is negligible compared with F over this 
same range. 

From equation (12): 


dk’ (E’+0-6)2 
650k 
ak 2h'34+-2-47F2+0-805F’—0-124 
eV per atomic unit 


where k is found from equation (12). 

The theoretical values of dE/dk, shown dashed in 
Fig. 7, are in good agreement with the experi- 
mental points. KANE’s theoretical band shape is 
therefore strongly supported by our experimental 


constants. 


results, as are also his band-structure 
The value of £¢(0-23 eV) is that appropriate to 
0O°K. At 77°K, the temperature used for the Fara- 
day measurements, the energy gap is 0-225 eV, but 
this difference is too small to have any significance. 
The results indicate that the band shape is not sen- 


sitive to small changes in Fg and also that it is 
1 


unchanged by the filling of the conduction banc 
inherent in the measurements at large kp. 

The comparison has been extended to include 
the results of SPITZER and FAan®), 
effective mass from measurements of free-carrier 


who deduce an 


dispersion. Their measurements were made on 
heavily doped degenerate material, where free- 
2x 101"), 
and the interpretation of m* is identical with that in 
the Faraday method. Their results (shown in Fig. 
7) join smoothly with the Faraday measurements 
near k = 0-015 atomic units and extend the com- 
parison to k = 0-025 atomic units, or 0-3 eV above 


carrier dispersion is dominant (i.e. V 





138 S. D.. SMITs,. 7. 8: 
the bottom of the conduction band. At this point 
the number of carriers is 4x 1018 and the agree- 
ment with theory is somewhat worse. 

To illustrate the non-parabolic nature of the 
conduction band, the experimental values of F(R) 
obtained by integrating Fig. 7 are plotted against 
k2 in Fig. 8. Good agreement is again obtained 
with Kane’s theory. 

As the conduction band must become parabolic 
as k 0), the slope of dE/dk at k = 0 in Fig. 7, 
gives a method of finding mpo*, the effective mass 
at k = 0. However, it is not possible to draw the 
tangent to the curve of Fig. 7 with great accuracy, 
and it is preferable to compute values of mo* from 
equations (12) and (14). It may be shown that (in 
atomic units) 


1 2 p2- 


oe ny ee weet |=! 15 
m* Eo N | m* Eg , 


where the parameter A = 1 for small energies and 
A = 0-97 for energies ~ 0-1 eV above the bottom 
of the conduction band. This expression is ac- 
curate to +1 per cent for the experimental 
points measured and is also very insensitive to the 
value used for A, the spin-orbit splitting. For 
example, changing A from 0-5 to 1-4eV changes 
mo* by < 1 per cent. 
The results are given in Table 3. 


mo* m 


Table 3. Computed effective mass at k = 0 


k m* /mo 





0-029 
0-022 
0-0178 
0-0165 
0-0131 


0-014 

0-0096 
0-0050 
0-0037 
0-0023 


The average for the zero-k mass is thus: 


mo* = 0-0143mo(+0-0005mp). 


The main sources of error responsible for the 
scatter in the results are measurements of Ne and 
possible differences in N in the Hall and Faraday 
effect experiments. The measurement of the re- 
solved field due to difficulty in determination of the 
angle between the magnetic field and the direction 
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of the radiation in the material may give a small 
additional error. 

In order to compare the results with other ex- 
perimental determinations of effective mass, it is 
necessary to decide which part of the E-& curve is 
involved in such measurements. For example, the 
microwave cyclotron-resonance experiments of 
DRESSELHAUS et al.(4) used a very small magnetic 
field and a small number of optically excited car- 
riers. A value of m* = 0-013 mo, consistent with a 
low value of k, was obtained. 

Infra-red CR measurements at high magnetic 
fields involve transitions over a significant range of 
energies in the conduction band, and the theo- 
retical treatment of WALLIS ®) has established the 
form of the CR absorption as a function of fre- 
quency for a non-parabolic conduction band. 
WALLIs was unable to make a detailed comparison 
with the measurements of Keyes et al.,®) since 
these give the absorption coefficient as a function of 
magnetic field at a fixed frequency. Under these 
conditions, both the concentration of conduction 
electrons and the fourth-order constant p are 
functions of field. This constant is given by: 


(16) 


where we is the resonant frequency implied by a 
mass mo* and from KANe’s theory 


bh mo*7 hwe G Ftr2| 


mo | 
— —] / 4E GMo" (1 /) 
mo* / 


6 222 x po | 


/ 


WALLIs has estimated » from the linear de- 
pendence of apparent effective mass, m)*, on mag- 
netic field, which was observed by Keyes et al.) 
From the slope of the experimental data (8.mo*/H) 
and taking m,;* = 0-013mo and H = 80,000 G, he 
finds ». = 0-06. WALLIs also estimates p theoretic- 
ally from equations (16) and (17) by taking mo* = 
0-013mp and Eg = 0:18 eV, whence at 80,000 G 
p. = 0-096, which is only in order-of-magnitude 
agreement with the experimental value. 

The good agreement with KANne’s theory found 
in the present work suggests that the theoretical 
estimate should be reliable, and substituting our 
value of 0-0143mpo for mo*, we obtain up = 0-088 
for Eg = 0:18 eV at 80,000 G, or otherwise from 
equation (17): 

124 


Ertrt = — B. (in atomic units). 
4G 
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In the work of BoYLE and BRAILsForD ”), at a 
wavelength of 80, the transitions would be from 
~ 0-008 to ~ 0-023 eV above the bottom of the 
(zero field) conduction band. As this energy spread 
is small, the effective mass found must be repre- 
sentative of the value only a little above k = 0. The 
result obtained, m* = 0-0146 mp, is thus in accord 
with the present work. 

In the magneto-absorption experiments of 
ZWERDLING et al,(8), the transitions involved are 
from the valence band to the conduction band. As 
the hole masses are relatively high, the main effect 
is due to conduction electrons, the lowest energy 
transitions being to the first Landau level at 
hw, above the bottom of the band. These workers 
used fields of 20,000-40,000 G, corresponding to 
energies 0-01-0-02 eV above the bottom of the 
conduction band, and obtained a mass of m* = 
0-014 mo. As the method of analysis used assumed 
m* to be independent of energy, and as the valence 
band may have a significant effect in this experi- 
ment, the agreement with the present work is 
probably as good as can be expected. 

We may conclude that the Faraday effect gives a 
very satisfactory method for determination of con- 
duction-band shape and a method to determine 


mo*, i.e. the mass at the bottom of the band. The 
accuracy of determination of individual masses is 
somewhat less than that with CR or magneto- 
absorption, but the experiment is more flexible 
and the interpretation more certain. 
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Abstract—The effect of pressure has been measured on the absorption edges of GaP, GaAs, GaSb, 
ZnS, ZnSe, ZnTe, ZnO and CdS. A tentative interpretation can be given consistent with previous 
rk on silicon and germanium. Regularities in the shifts in horizontal and diagonal sequences are 


on peak which appears (irreversibly) on the low-energy side of the edge of the higher- 
sht compounds, and grows with pressure, indicates either the formation of a dis- 
some chemical decomposition. For GaAs and GaSb both events may be present, 


former course seems definitely the more probable. 


of pressure has been measured on the 
f 


of GaP, GaAs, GaSb, ZnS, 


d CdS. ' 


(b) Gallium arsenide 


Single crystals of GaAs were obtained from Dr. 


Phe first six of these J, H, WueLAn, of the Bell Telephone Laboratories. 


structure, while the last two 


at 1 atm, but transform 


has been previ- 
have been dis- 


} 


which will 


1. GROUP IIIB-VB COMPOUNDS 


: — bey 
a) Gallium phosphide 


Single crystals of GaP were obtained from Dr. 
I : signal Research 

ratory. The samples used 

re runs were very slightly doped 

which was not expected to have any 

pressure shift of the absorption edge. 

igure 1 presents the data obtained from 1 to 
50.000 


the highest absorption co- 
there is an initial blue 
Above 22,000 atm, the shift 
x, below 100 cm—!, with a 
6) eV atm. 


S. Atomic 


Chemical Fic. 1. Shift of gallium phosphide absorption edge 
with pressure. 
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EFFECT OF PRESSURE ON ZINC 
They were n-type with a specific resistivity of 
0-08Q-cm. The results are shown in Fig. 2. 
The initial energy gap is about 1-4eV at « = 30 


cm-l, The absorption edge shifts blue with 


PRESSURE, atm 


Fic. 2. Shift of gallium arsenide absorption edge with 
pressure (vo = 11,850 cm=, « = 50 cm~4). 


pressure, the initial slope being 9-4 (10-®) eV/atm, 


rising to a maximum shift of 0-465 eV at 60,000 
atm. The red shift above 60,000 atm has a slope 
of roughly —8-7 (10-8) eV/atm, and may be due 


3000 ; 











PRESSURE, —atm.xlO° 


Fic. 3. Shift of gallium antimonide absorption edge 
with pressure (vo = 5620 cm=, «~20 cm). 
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in part to the indirect (100) transition, and in part 
be due to the irreversible effects discussed below. 


(c) Gallium antimonide 

The GaSb was obtained from Dr. J. H. WHELAN, 
of the Bell Telephone Laboratories. It was of 
unknown but high purity. The results are shown 
in Fig. 3. The initial transition has an energy gap 
of 0-7eV at « = 20cm ~!, compared to 1-5eV 
for GaAs and 2:4eV for GaP. The initial blue 
shift of GaSb has a slope of 12-3 (10-®) eV/atm. 
indicating a more rapid rise of the conduction- 
band GaAs. ‘The 
apparent shift of 0-35 eV occurs at about 50,000 
atm, after which the red shift, probably corre- 
sponding to the indirect (100) transition, begins. 


minimum than in maximum 


2. GROUP IIB-VIB COMPOUNDS 

(a) Zinc blende type 

(i) Zinc sulfide. Pure zinc sulfide single crystals 
in the zinc blende structure were obtained from 
L. W. Strock, of Sylvania Electric Products Inc. 
The initial optical energy gap was found to be 
3-5 eV, and is considered to be the transition at 
k = 0, as is indicated by a band-structure cal- 
culation being carried out by SHAKIN and Bir- 
MAN), The shift with pressure, shown in Fig. 4, 


PRESSURE, 10°atm 


Fic. 4. Shift of zinc sulfide absorption edge with 
pressure (« = 60cm! measured from i9 = 28,600 
cm~}), 


consists of a monotonic blue shift, appearing to 
approach a maximum of about 0-50eV at the 
highest pressure obtained, 180,000 atm. The 
initial slope of 5-7 (10-6) eV/atm compares with 
9(10-*) eV/atm obtained by Piper et al.) for 
hexagonal ZnS (wurtzite) up to 1700 atm. One 
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would expect comparable results for the wurtzite 
form, as the band structure is probably very 
similar to that of the zinc blende. 

shows the absorption-edge shift 
plotted against relative volume compression, 
obtained from the data of BripGmMaNn), The 
rate of change of energy gap with bond length, 
assuming isotropic compression, is 6-2 eV A, at 1 


Figure 7 


atm. 

(ii) Zinc selenide. Pure single crystals of ZnSe 
were obtained from Dr. R. H. Buse, of RCA 
Laboratories. The shift of the absorption edge 
was measured at 65 cm7!, for which the initial 
energy gap was 2-58eV. The results, shown in 
Fig. 5, are quite similar to the results for ZnS. 


60 ~=~=—SaO ac O-~—S—«O OD 


PRESSURE, 10° atm 


Fic. 5. Shift of zine selenide absorption edge with 
pressure (vo = 20,800 cm=!, « = 65 cm™}). 


The initial shift is blue, with a slope of 6-0(10~6) 
eV/atm at 1 atm. The maximum shift is 0-49 eV 
at 130,000 atm, followed by a red shift with a 
slope of about —2-0(10-6) eV/atm. 

From BrIpDGMAN’s compressibility data, the 
shift has been plotted against relative compression 
in Fig. 7, which shows a slope of 3-3 eV/A up to 
15,000 atm (AV/Vp = 0-032), a slope of 4-6 
eV/A up to 130,000 atm (V/Vo = 0-130), and a 
slope of —4+-0eV/A above 130,000 atm. 

(iii) Zinc telluride. The source of the zinc 
telluride single crystals used here was Dr. R. N. 
Hatt, of the General Electric Company. The 
particular samples used were made from a 
stoichiometric mixture of zinc and tellurium, 
which contained a few parts per million of copper, 
resulting in a resistivity of about iQ-cm. The 
shift of the absorption edge with pressure is shown 
in Fig. 6. The initial sharp red shift of the edge is 
thought to be due to surface effects during the 
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fusing of the salt around the sample, so the shift 
was measured from an extrapolated zero point of 
18,300 cm-! or 2:27 eV. The shift from 4000 to 
45,000 atm is blue, with a slope of 6-0(10-6) 
eV/atm. The portion of the curve from 5000 to 
40,000 atm is completely reversible, and is 
possibly due to the direct transition at k = 0. 





2000; 


-2000} 


Fic. 6. Shift of zinc telluride absorption edge with 
pressure (vo = 18,300 cm-!, « = 64 cm~}). 


Above 45,000 atm, a time-dependent irreversible 
red shift takes place, reaching an equilibrium 
value about 0-18eV below the original energy 
gap. In several runs, equilibrium was reached in 
about 20 min. On reduction of pressure, the shift 
parallels the original shift, with a slope of 4-7 
(10-6) eV/atm, the energy gap reaching a final 
value of 2-10 eV at 1 atm. This last shift is rever- 
sible over the range 1—50,000 atm and is inter- 
preted tentatively below. 

From the plot of shift against compression 
(Fig. 7), the shift of energy gap with bond length 
is found to be 3-18 eV/A up to the beginning of 
the phase change at 7-5 per cent volume com- 
pression. 
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Fic. 7. Shift of absorption edges of zinc sulfide selenide, 
and telluride with compression (« = 65 cm~?). 


(b) Wurtzite type 

The compounds ZnO and CdS are closely 
related to the other cornpounds included in this 
work, not only in structure, but also in many 
important physical and electronic properties. A 
transformation under pressure to the zinc blende 
structure from their original wurtzite form was 
expected, and did in fact occur in both cases. 

(i) Zinc oxide. Single crystals of zinc oxide were 
obtained from Dr. A. R. Hutson, of the Bell 
Telephone Laboratories. These crystals were in 
the form of needles about 0-25 in. long and some 
0-004-0-:010 in. in dia., making them most 
suitable for the 250,000-atm bomb. The shift of 
the absorption edge observed with pressure is 
shown in Fig. 8. A blue shift with pressure first 
occurs, at an increasing rate with higher pressure. 
The slope changes from 0-6(10-*)eV/atm at 
1 atm to 1-9(10-%) eV/atm at 100,000 atm. At a 
pressure of about 100,000 atm, the light trans- 
mitted by the sample began to cut off, and reached 


50 


PRESSURE, 0°atm 


Fic. 8. Shift of zinc oxide absorption edge with pressure 
(« = 60 cm! measured from %9 = 25,300 cm7}). 


BLENDE AND WURTZITE 


STRUCTURES 143 


a minimum at pressures ranging from 130,000 
to 150,000 atm in different runs. The sample 
then cleared up somewhat, and the shift shown by 
the upper curve in Fig. 9 was measured. The red 
shift at the transition amounts to about —0-10 eV, 
and the initial slope of the upper curve is 1-9(10~) 
eV/atm at 130,000 atm. 


PHASE 


TRANSITIONS, 











PRESSURE, 0°atm. 


Fic. 9. Shift of cadmium sulfide absorption edge with 
pressure (vo = 20,110 cm=!, « = 64 cm7). 


(ii) Cadmium sulfide. This material was obtained 
in the form of large crystals and polycrystalline 
masses in the wurtzite structure from Dr. E. C. 
Stewart, of the Harshaw Chemical Company. 
The shift of the absorption edge with pressure is 
shown in Fig. 9. The initial red shift up to 5000 
atm is thought to be due to a partial phase change 
to the zinc blende form induced by shear during 
the fusing of the salt pellet around the sample. 
The shift was therefore measured from an extra- 
polated zero value of 2:50eV, which is not the 
true energy gap at atmospheric pressure. Once 
the pressure exceeded 5000 atm, a reduction in 
pressure did give a shift down to the extrapolated 
zero, and the shift was reversible from 0 to 25,000 
atm. The initial slope of the shift is 3-3(10-6) 
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and remains fairly constant up to 27,500 
at which point a large red shift of about 0-8 


occurs, presumably due to the transition to the 


blende structure. This transition resulted in 


f the light available, and in only 


the edge be measured beyond the 


here was no measurable tendency fo! 


rption edge to shift 


with pressure, 
] 
i 


y 


gy or decreasing, u 
Phe 


abs« rpt 10n edge 


ntil the pressure 


elow 10,000 at sample then 
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1] 
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slope of the shift with pressure. The following 
discussion is intended to emphasize the effect of 
asymmetry in the crystal potential for compounds 
the total 
number of electrons are equal, and for which the 


in isoelectronic sequences, for which 
bond lengths are almost equal. 

The interpretations are based on the (perhaps 
rash) assumption that the red shifts are due to a 
transition to a minimum in the (100) direction in 
the conduction band, as has been reasonably well 


established for germanium. 


10. Estimated conduction-band levels of semiconductors (above valence-band maximum 
300°K). 


shifted blue again, reaching a final value of 0-56 
eV le 


change was observed after the sample had re- 


than the original zero point. No further 


mained in the bomb for several days at atmo- 


spheric pressure. 


3. COMPOUNDS IN VARIOUS SEQUENCES 

A speculative outline of the results of the 
previous sections is presented in Fig. 10, which 
illustrates the energy gaps that are known or can 
be estimated for the direct and indirect transitions 
at atmospheric pressure. Table 1 summarizes the 
effect of pressure in these transitions, with the 
which each occurs and the 


pressure range in 


(a) SiGe, GaP and ZnS 

The bond length in this sequence varies from 
2-36 to 2:39 A, and the total number of electrons 
is 23 per atom. The system silicon—-germanium 
has been investigated by JOHNSON and CHRIST- 
1AN™ who found a sharp break in the plot of 
energy gap versus composition at about 15 mole 
per cent silicon, indicating a difference in the 
band structure of these two elements. Pressure 
measurements by PAUL and WARSCHAUER®) in the 
range 1-8000 atm on germanium-silicon alloys 
were consistent with HERMAN’s) picture of the 
band structure, and the behavior of the band 
minima of these two elements under pressure, i.e. 
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Table 1. Effect of pressure on band structure of semiconductors 


Max. 
blue 
shift 
(eV) 


dAE,/dr§ 
(eV/A) 


dAE,/dPt 
(10-®eV /atm) 


Speculated 
transition 
directiont 


AE,(eV)* 


(1 atm) P(108 atm) 


Compound 


(100)(10,11) 
(11 1)(1) 
(100)(3) 
or (000) 
(100) 


0-15 


(111) 0-02 


or (111)(2,18) 
(100) 

(000) or (111) 

(100) 


(O00) 


GaSb 


180 (000) or (111)() 


ZnS 3° 0 
or (111) 
(100) 


0-130 (000) 


130-210 


ZnSe 


0-45 (000) or (111) 


or (O00) 
or (000) 


(111) 
(111) 


3-14 (wtz) 0-130 
(Znbl) 130-220 


or (111) 


(OOO) 


‘50 (wtz) 0 
‘7 (Znbl) 7 


*Zero point from which shift was measured. 

*More probable direction is given first in uncertain cz 
the direction and magnitude of the pressure shift found in this paper. 

tSlope of shift at 1 atm, or average slope after a reversal of shift direction. These are, in general, estimated for 
0. E.g., at « = 0 for germanium the slope 


ses. Where no reference is given, the estimate is based on 


a = 20-65 cm~!, since in only a few cases are values available for « 


is 5-0 x 10-6 eV/atm. 
§$Based on bond length. 


the rise of the (111) minimum in the conduction minimum is at least 0-5eV above the lowest 


1e fact 


band and the lowering of the (100) minimum, 
relative to the maximum of the valence band. The 
50:50 germanium-silicon alloy has an energy 
gap of 1-05 eV, due to the transition to the (100) 
minimum, and the (111) minimum is about 0-35 
eV higher, or 1:-4eV above the valence band, 
according to the data of JOHNSON and CHRISTIAN), 

The effect of increasing asymmetry in this 
sequence seems to be a general rise in the con- 
duction band relative to the valence band, the 
rate of rise being greatest for the minimum in the 
(100) direction. In ZnS, the (apparent) (100) 


K 


conduction band level, thus explaining tl 
that ZnS has an initial blue shift while GaP shifts 
red. Following this trend, one would expect the 
next member of this sequence, CuCl, to have a 
large blue shift with pressure before the red shift 


which should eventually follow. 


(b) Ge, GaAs and ZnSe 

In this sequence, the bond length is between 
2:43 and 2-45 A, with a total of 32 electrons per 
atom. ‘The minimum 
relative to the valence band, with the (100) 


conduction-band rises 
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minimum rising the most rapidly, as the asym- 
metry of the compound increases. There is 
evidence in this sequence that the (111) minimum 
rises faster than the minimum at k = 0, since the 
(111) minimum is lower in germanium and the 
k = 0 transition is considered to be lower in 
energy for GaAs.“2-13) If this is generally true, 
then the transition in ZnSe should be direct, and 
the blue-shifting transitions of GaP and ZnS in 
the last sequence might also be direct at atmo- 
spheric pressure. Considering the Kronig one- 
dimensional model from the viewpoint of SERA- 
PHIN 4) and of WELKER and Weiss“), the planes 
perpendicular to the (111) direction may be 
represented by potential troughs having different 
depths, as there are alternate planes containing 
like atoms. It is found that the energy gap for this 
model increases with an increase in the difference 
between the two potential troughs, other para- 
meters being constant. In the real crystal then, an 
electron state with a propagation vector k in the 
(111) direction should have a greater energy gap 
between its ground state and its excited state, as 
the potential difference of the two planes increases. 
This corresponds to a rise of the Aj state in the 
conduction band above the similar state in the 
valence band, which are both in the (111) direction. 
An electron propagating in the (100) direction 
encounters alternate layers containing like atoms 
also, so that the energy gap in the (100) direction 
should also increase with increasing asymmetry 
or electronegativity of the bonds. In the immediate 
vicinity of k=O, one would expect smaller 
effects, as the charge distribution in space of the 
atomic s-functions from which the 1Ps state is 
made up is not directional, and the atomic p- 
functions making up the #[99 state in the valence 
band are directed only toward like atoms, and 
are thus less affected by a charge difference be- 
tween unlike atoms. 

The next member of the sequence, CuBr, has a 
greater energy gap than ZnSe, and if the tendency 
above continues, the transition at 
atmospheric pressure should be direct, and 
should shift blue with pressure before eventually 
shifting red with the (100) transition. 


described 


(c) GeSn, GaSb and ZnTe 
The first member of this series is not known to 
exist. However, an extrapolation by HERMAN ®) 
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indicates that its conduction and valence band 
would overlap by about 0-5 eV, in which case it 
would be a metal and be of little interest here. The 
remaining members exhibit the same dependence 
on degree of asymmetry as the two preceding 
sequences. The bond lengths vary from 2-63 to 
2-65 A and there are 41 electrons per atom. The 
initial transition is probably direct in both com- 
pounds, with slopes of 12-3 for GaSb and 6-0 for 
ZnTe, in 10-&eV/atm. The apparent maximum 
shift obtained for GaSb indicates that the least 
possible distance of the (100) minimum above the 
k = 0 minimum at atmospheric pressure is 0-35 
eV. The next compound of the sequence is Cul, 
which has a higher energy gap than ZnTe, and, 
like CuCl and CuBr, probably has a direct 
transition at 1 atm, and a large blue shift of the 
energy gap with pressure, shifting red again at 
some pressure above 100,000 atm, or at about 
10-12 per cent volume compression. It must be 
borne in mind, of course, that these three 1B- 
VIIB compounds may not be stable in the zinc 
blende form at high pressures, and could transform 
to the NaCl or CsCl structure. 


Fic. 11. Log Io/I versus wave number for gallium 


arsenide. 


4. COMPOUNDS WITH DISORDERING TRANS- 
FORMATIONS 

The three compounds of highest molecular 
weight included in this work were GaAs, GaSb 
and ZnTe, and these three exhibited similar effects 
under pressure. Figs. 11-13 show the shape of 
the absorption curves at different pressures for 
typical runs with these compounds. In each case, 
an absorption band appears in the long-wavelength 
tail of the absorption band at a sufficiently high 





EFFECT OF PRESSURE ON 


ae 
Lo 


002 003 004 005 006 007 008 





EXTRAPOLATION 

OF COMPRESSIBILITY 
DATA OF BRIDGMAN 
89,810) 


a: in: 


COMPRESSION &¢ 


. 12. Log Io/I versus wave number for gallium 
antimonide. 


pressure, which may in part account for the rapid 
shift in GaAs at high pressure. The minimum 
pressure at which the band first occurs depends 
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Fic. 13. Log Io/I versus wave number for zinc telluride. 
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slightly on the size and preparation of the sample 
and on the method of loading the sample in the 
bomb. In general, a higher transition pressure 
was obtained the smaller and more perfect the 
sample, and the greater the difference between 
the height of the sample and the height of the 
salt pellet between the pistons. Thus, the mechan- 
ism of the process is most likely accelerated by 
imperfections and shear in the sample. GONSER 
and OKKERSE(!®) have obtained a phase change of 
GaSb at temperatures below the melting point 


Table 2. Effect of pressure on the disorder transition 


P(108 atm) for 
7; =2F°C* 


P(10 atm) at 
which band 
appearedt 


Compound 





Not<180 
Small at 90 


184+119 
153+100 
121+ 79 


ZnS 
ZnSe 
ZnTe 
GaP 
GaAs 
GaSb 


*Calculated using AE = 9+3 kcal/mole for ZnS, 
ZnSe, and ZnTe, AE = 12+2 kcal/mole for GaP, 
GaAs, and GaSb, and using AV = 6-14 per cent of 
Vm in all cases. 

+Very small peaks were present at lower pressures 
in the case of ZnTe, GaAs, and GaSb, probably due to 
impurities included during crystal growth. Microscopic 
dark specks were originally present in ZnTe, which 
could act as nucleating centers for phase change. 








Table 3. Effect of pressure on the decomposition of semiconductors 





AE Gec ‘s 
(kcal/mole) decomp. 


(108 atm) 


Compound 


P for 70:7% 


P for 0°71% 
decomp. 
(108 atm)t 


Papsorb- 
Peak obs. 
(10° atm) 





1150+512 
641+313 
4454+217 
350+181 
209 +102 
152+75 


Not <180 
Small at 90 


968 +568 
482 +378 
342+259 
204 +242 
80+154 
494117 











*Ref. (17, 18); GaP and GaAs values assumed proportional to ZnS and ZnSe 


values, resp. AV = 614 per cent of Vm. 


+Where lower limit is negative, equilibrium decomposition would exceed 0-71 


per cent at zero pressure. 


{Peaks did not increase greatly in size until a pressure of 45,000 atm. was reached. 
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by neutron irradiation, and report that the new 
form is a glassy solid with the liquid structure and 
has a volume about 8 per cent less than the normal 
form. The energy accompanying this process is 
within several per cent of the heat of fusion. 
The absorption at the front of the edge could 
jue to the formation of this disordered state 
pressure or to chemical decomposition. Table 
2 shows the calculated range of pressures for 
melting at room temperature, using reasonable 
ranges of values for AH and AV. Table 3 shows 
similar results for 70-7 and 0-71 per cent de- 
composition. GaAs, GaSb and ZnTe all approach 
the melting pressure in the range where the 
band appears. Decomposition could also occur in 
ificant amounts in GaAs and GaSb, but this is 
for ZnTe. 
be possible to prepare semiconductors 
rs with controlled and uniform impurity 
combined application of pressure and 
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NEUTRON-IRRADIATED ALKALI HALIDES*t+ 
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Abstract—Nuclear magnetic resonance techniques have been used to investigate radiation damage 
in some alkali halides. The resonances of 7Li, ?8Na, ®1Br and 127I were studied to determine the 
concentration and arrangement of defects in neutron-irradiated single crystals of Nal, Lil, KI 
and KBr. A method of analysis was developed, based on changes of line shape due to defect-induced 
quadrupolar effects. The experimental results are in fairly good agreement with theoretical pre- 
dictions based, principally, on the methods of SEITz and KOEHLER and of BRINKMAN. Information 
has been obtained on the strength of screening in coulomb potentials for atom-atom collisions 
and on the deformation of ion cores by charges external to the ions. Evidence for orientation of 


dislocations in preferred directions has been noted in crystals of NaI and KI. 


1. INTRODUCTION 

THE work reported here is part of a program of ap- 
plication of nuclear magnetic resonance (NMR) 
techniques to the study of defects in solids. The 
principles of NMR are available in several review 
articles,»2) as is a discussion of defects in crystal- 
line solids.) An excellent review of the effect of 
defects on NMR has been presented by BLOEM- 
BERGEN"), 

The effect of dislocations on NMR in 
crystals was first investigated by Watkins) and 
WATKINS and PounpD®). COHEN and RetF‘’’8) have 
investigated the effects of vacancies, interstitials, 
and foreign atoms on NMR. The present paper is 
concerned with the defects generated in alkali 


ionic 


halide crystals by reactor irradiation. 

Defects influence the intensity, shape and spin- 
lattice relaxation time of the NMR. In Section 2, 
this influence is traced to its origin in defect- 
induced changes in magnetic dipole-dipole coup- 
lings and electrical quadrupole interactions, and 


*Research supported by the U.S. Atomic Energy 


Commission under Contract A’T(30-1)—1880. 


tSubmitted by J. F. Hon in partial fulfillment of the 
requirements for the degree of Doctor of Philosophy 
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tPresent address: Atomics International, Canoga Park, 
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quantitative relations are established between the 
observed changes of the NMR and the density and 
distribution of the defects. The present picture of 
defect formation by irradiation is also discussed. 
After a discussion of the experimental apparatus 
and an outline of procedure, the experimental 
determinations of defect concentration and distri- 
bution in the irradiated crystals are given in Sec- 
tion 5 and compared with values obtained from 
theory. A summary of conclusions and evaluation 
of the NMR technique as applied to radiation- 
damage studies are given in Section 6, 


2. THEORY 

According to SeITz®), imperfections in crystals 
can be classified as: (1) dislocations, (2) vacant 
lattice sites and interstitial atoms, (3) free electrons 
and holes, (4) foreign atoms in either substitu- 
tional or interstitial positions, (5) lattice phonons 
and (6) excitons. For the present work, only the 
first three types need be considered. ‘These im- 
perfections can change the shape and intensity of 
the NMR by altering the magnetic and electric 
field conditions at the nuclei, and can change the 
spin-lattice relaxation time 7} byadding tothe coup- 
ling between the nuclei and the lattice. This latte: 
change may, for example, arise from an electron 
or hole trapped in the lattice. The paramagnetic 
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property of the resultant center tends to reduce 
T,. If 7; is sufficiently reduced, the NMR line 
will be broadened. Experimental evidence in- 
dicates that this effect is not observable in the 
crystals investigated, presumably because 7) was 
already quite short in the unirradiated crystals due 
to quadrupolar interactions, and the effect will not 
be discussed further. 

In the following sections, the possible imper- 
fection-induced changes in magnetic field or elec- 
tric field gradient at a resonating nucleus are dis- 


c ussed. 


(a) Dipolar effects 

A resonating nucleus in a solid will be subject to 
both the externally applied magnetic field, Ho, and 
an internal magnetic field from its environment. 
If the solid is non-ferromagnetic and contains no 
uncoupled electrons, the internal magnetic fields 
are due to the nuclear magnetic moments them- 
selves (diamagnetic and second-order paramag- 
netic shielding from bound electrons is neglected 
in this treatment). The influence of the magnetic 
dipole moments on line shape is best given by the 
second-moment calculation of vAaN VLECK®), The 
second moment is defined as 


| (v—v9)2e(v) dv (1) 
d 


where vo is the resonant frequency and g(v), the 
shape function of the resonance line, is defined so 
that 

ao 

| g(v) dy = 1. 


0 


The relationship between the second moment and 
the line width is particularly simple for a Gaussian 
line shape. In that case the separation in frequency, 
Avp_p, between the two peaks of the experi- 
mentally observed first derivative of the absorption 
curve is given by:@°) 

Avy—p = 2( <Av?> ave)*. (3) 


To determine the effect of defects on the dipolar 
line width in alkali halides, it is instructive to con- 
sider a somewhat simpler solid, namely, a solid 
with only one nuclear species where the spins lie on 
a simple cubic lattice. For the case of spin systems 
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having cubic symmetry, the second moment has the 
form :() 


‘Av? ave = ah 2[a+b(Ay4+Ag*+A34)] (4) 


where y is the nuclear gyromagnetic ratio, h is 
Planck’s constant, and Aj, Ag and Ag are the direc- 
tion cosines of Hp with respect to the cubic axes. 
The constants a and # are given by: 


a: > 7487 —9( uj + + &4)] (5) 
- 


and 


b= > ne -94 15(uttr+E4)] (6) 
, 

where px, vz and &; are the direction cosines with 
respect to the cubic axes of the displacement vector, 
r;, from the resonating nucleus to the Ath neigh- 
boring nucleus. Equations (3)-(6) show that the 
effect of the spin-spin interaction in the solid is to 
give a resonance line whose width is dependent on 
the strength of the interaction. 

Consider now point defects and their effect on 
the second moment. A vacancy would correspond 
to removing a term and an interstitial to adding a 
term in equation (4). Because of the r~® depend- 
ence, an interstitial is more effective in changing the 
sum (equation (4)) than a vacancy since an inter- 
stitial is closer to its nearest neighbors than a 
vacancy (relaxation of the lattice is ignored here). 
Since the purpose of this section is to show that 
these effects are small, the larger effect of an inter- 
stitial will be considered. The interstitial positon 
in a simple cubic lattice is in the center of the cube, 
so that 7; for the nearest nuclei is +/(3) ao and 
pt = v4 = £4 = 1/9. The changes in a and 6 for 
these eight nearest nuclei are then: 

9-48 
(7) 


(8) 


For the twenty-four next-nearest nuclei 7 = 
4/(11/2) ao, pst = 1/121, 4 = 1/121, and &4 = 
81/121, so that: 


Sa = 0-0399/ao® (9) 


and 
5b = 0-0620/ao8. (10) 
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The changes in a and 6 for the eight nearest nuclei 
cause a change of approximately 50 per cent in the 
second moment. However, the changes in a and b 
for the next-nearest nuclei are almost negligible. A 
rough extension of this procedure shows that a 10 
per cent change in the second moment, which is 
about the minimum change experimentally ob- 
servable, would require a defect density of more 
than one defect per one hundred atoms. Such a 
high degree of damage is not achieved in the pre- 
sent experiments. 

The effect of strains, introduced by point defects 
or dislocations, on the dipolar second moment must 
also be considered. The variation of the sums a and 
b due to strain can be approximated by: 


6 
8a = — > — Are 7 (uit vi +E!) 


kT 


(11) 


and 


— © 
86 = — } —An{—9+15 (uate +E}, 
gl 


(12) 
ignoring changes in px, ve and €%, where Ar, is 
the strain. Because of the r~? dependence, these 
effects have an even shorter range than those con- 
sidered in the preceding paragraphs and can be ig- 
nored. 

The alkali halides, with the exception of cesium 
halides, have a face-centered cubic lattice. Dis- 
regarding species, the nuclei lie on a simple cubic 
lattice. From VAN VLECK’s general result for cubic 
systems, equation (4), the second moment in 
NaCl-type structures would be the sum of two 
terms having the same form as the simple cubic 
case, 

(Av? dave = Alar +b1(Ai*+Azg*+A3*)]+ 
+ Blagtbo(Ay4+A24+A3*)] (13) 


where the first term is the sum over like species and 
the second term is the sum over unlike species. ‘The 
net result is 


- Clag+bs(Art+Ag*+As*)]. (14) 


Since this has the same form as that for the simple 
cubic case, equation (4), the arguments presented 
above are valid. In alkali halides, then, dipolar 
effects can be ignored as a source of radiation- 


‘Av? /ave - 


induced changes in the NMR if the defect density 


is less than 10-2 defects per atom. 


(b) Quadrupolar effects 


Quite often there are, in addition to the internal 
magnetic fields, internal electric fields in a solid. 
If the resonating nucleus possesses an electrical 
quadrupole moment, it will interact with the 
gradient of the electrical field at the nuclear site. 
This quadrupolar interaction can alter the spacing 
of the magnetic energy levels, which are equally 
spaced in the absence of such a perturbation, and 
split the NMR line. 

PounD®@)) has derived the properties of this 
quadrupolar interaction for the case in which it is 
small with respect to the magnetic interaction of 
the nucleus and the static field Hp. Additional 
computations have been made by BERsOHN 2), 
VoLkorF3) and CoHEN and ReiF(4), The inter- 
action energy depends on the scalar quadrupole 
moment Q, the electric field-gradient tensor (/E 
and the orientation of Ho with respect to the prin- 
cipal axis system of the electrical field-gradient 
tensor. The components of \7E in its principal axis 
system, in which it is diagonal, are often written 
as dex, yy and dzz where 


IPz2| > |byy| > |bzz!- 
With the help of Laplace’s equation, 
drrtdgyytdzz = 9, 


these three components can be specified by two 
parameters, 7 (the asymmetry parameter) and q, 


where _ 
(17) 


(15) 


(16) 


eq = bz 


and 


1) = 


When the electrical field-gradient tensor ex- 
hibits rotational symmetry about the 2-axis, 
dex = dyy and » = 0. In this case the quadrupolar 
energy depends on Q, g, and the angle @ between 
the z-axis and the external magnetic field Ho. 
First-order perturbation theory gives the new 
transition frequencies as‘) 


3e7qQ 
81(21—1)h 
(19) 


Ym > m-1 = vo+(2m—1)(3 cos?@— 1) 





HON 


where vo is the single NMR frequency in the ab- 
sence of quadrupolar effects and J is the nuclear 


spin. Since the change in energy levels depends on 
m, the magnetic quantum number, the quadrupole 
interaction removes the degeneracy in the magnetic 
transition frequencies. When IJ is a half-integer, 
the transition between the m and m 1 
levels is unchanged (see equation (19)). However, 

this case second-order perturbation theory gives: 


oA 
i 
7 >] 
ZiT 3 


4] (2]—1) 


(1—9 cos“d)x (20) 


x (1 a cos-@) 


de pe ndence, is field- 


Fig. 1 


shows how the 


requencies: (a) 


1 quadrupolar 


g of the 


ire- 


particular 


depends 


iOT ee | 
SUTTOUNAGING 


1 Core 
rises from polariza- 
from mechanical 


1 


{ core by neigh- 
an be des- 
parameter (5 


the nucleus is 


and 
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(1 —+.0) times the electric field-gradient that would 
exist at the nucleus if there were no ion core. The 
values of yy. have been calculated for a number of 
free ions by Forey et al.“°), STERNHEIMER and 
FoLey 6), Das and BErsoHN®”, and WIKNER and 
Das8), The values are presented in Table 1 as 
collected from several papers. It is clear that for all 
but the very lightest ions the multiplication of the 
electric field-gradient arising from ion core polar- 
ization must be taken into account. 

The effect of the ion core on the electric field- 
gradient when the ion is in a solid is still an open 
question. Both effects, polarization and mechan- 
ical squeezing or constraint, can be taken into 
account by replacing the coupling constant 
e°gQ/h in our equations by Ae*gQ/h, where A in- 
cludes both the factor 1—y.~ from polarization and 
also the mechanical effect. Experiments by WAT- 
KINS®) involving the NMR lines in 
KBr initially indicated that A for Br is about 10. 
This represents a reduction by about a factor of 


bromine 


10 from the free-ion value given in Table 1. An 
analysis of the 2°Na line in NaNOeg by Hon and 
Bray 9 suggests that A is about unity for Na in 
NaNOg. This represents a reduction by a factor of 
5 from the free-ion value. Both of these results are 
in agreement with the simple physical picture that 
atoms surrounding an ion in a lattice should 
hinder the deformation of the core by electric 
fields and hence reduce the antishielding effect. 
However, BERSOHN’s®) analysis of the 2°Na line 
in NaNQOgs and NaClQgz yields a value of A in both 
compounds nearly equal » the ci mputed l ) 

for Na*. Further, experiments by Reir®) on AgBr 
at A for Br in AgB: larger than 
al value for Brin KBr given by WATKINS. 
rpreted his experiment 
(see p. 414 of reference (14)). His new values of 


300 for 12*T in KI. It is 


suggest tl is mucn 


the orig ll 


VATKINS has now re-int 


A are 100 for Br in KBr and 


that some uncertainty exists as to the true 


7 


values of A. However, experiments®) involving 


ultrasonically-induced spin transitions give further 
evidence that A for 2%Nain NaClis between 1 and 5, 

hile A (1°“I) A(?8Na) ~ 11 in Nal. The values of A 
employed in analysis of the present experiments are 
given unde1 Procedure. 

The quadrupolar interaction in ionic crystals 
can be computed in the following manner. Con- 
sider each ion to be a point charge at the ion site. 


The potential due to such a charge is er, which, 





when differentiated twice, gives the electric field- 
gradient tensor \/E. In a co-ordinate system such 
that the charge (ion) is on the z-axis, \/E, at the 
origin, is given by: 


bee = 


dhyy 


lp 
bra , — peg 
a8 


with all other components zero. Since dyy = dzz, 
n vanishes (equation (18)) and the electric field- 
gradient tensor for a single point charge has rota- 
tional symmetry. The quadrupolar interaction of a 
nucleus at the origin with this field-gradient gives 
the satellite splitting (equation (19)), to first order, 
as 
e 
dv = A—(3 cos?6—1) 
ee 


(22) 


where @ is the angle between Ho and the axis of 


symmetry and A is given by 


2m—1 3eAQ 


41(2I—1) h 


The total splitting due to the entire lattice is then 


— €4 

dv =A ‘ (3 cos*6;—1). 
— yj? 
i 


At a distance from a point charge, the 


(24) 


electric 
field and its gradient are reduced by the dielectric 
+. 


properties of the crystal. A multiplicative tor 


Be, given by 


where « is the static dielectric constant, should be 
introduced.(14) This factor is about 4 for alkali 
halides. Since the factor is close to unity and be- 
cause the quadrupolar interaction is of short range 
(r-8 dependence), we will neglect the effect of the 
dielectric properties. 

In perfect cubic crystals the crystallographic 
axes are principal axes of the field-gradient tensor. 


The Xx-X, V-Y and 2-2 components of the tensor 
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are equal from cubic symmetry and, hence (equa- 
tion (16)), each must be zero. In a perfect crystal, 
then dv of equation (24) vanishes, and all NMR 
transitions of a given nuclear species occur at the 
same frequency, vo. If the crystal is not perfect, 
however, those nuclei in the vicinity of an imper- 
fection no longer have an environment of cubic 
symmetry. The resulting quadrupolar interaction 
can be evaluated from equation (24). 

The effect of dislocations will be considered 
first. For cubic ionic crystals, the quadrupolar 
splitting of the NMR line is due to changes in the 
sum in equation (24) ascribable to the stresses pro- 
duced by the dislocation. The splitting is given by 


bv= A y ei| Ay; + 
or; 


+A cos 6; 


l 


~(3 cos?4;—1 ) (26) 


0 cos G;/ 7;° 
since dv = 0 in the unstressed crystal. WATKINS) 
calculated dv due to an edge dislocation, approxi- 
mately, by considering only the displacements of 
the nearest neighbors of a resonating nucleus. His 
result, when Hp is in a [1, 0, 0]-type direction, is 


36¢ 


Ov 


for an edge dislocation formed by putting an extra 


half-plane of atoms along the y’ axis and ending at 
the 2’ axis (the primes denote the co-ordinate sys- 
tem of the dislocation). In this equation ap is the 
us are the direc- 


nearest-neighbor distance, 4 and 


tion cosines of Hy with respect to the x’ and y’ 


axes of the coérdinate system of the dislocation, 
oxy is the shear stress, and G the shear modulus, In 
an entirely analogous fashion, the splitting due to 
the stresses of a screw dislocation has been cal- 
culated (22-2) as: 

6v = —D sin 206 si (28) 
when Hp is along a [1, 0, 0]-type direction and the 
axis of the screw dislocation is in th direction. 
@ is the angle between Hoy and the 2’ axis (cos 6 
pg) and ¢ is the angle between the projection of H, 
in the x’y’ plane and the normal to the 2’ axis from 
the nucleus. This expression for dv 
shows explicitly that dv is indeper d 


resonant 
ent of a rotation 
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result expected from the cylindrical symmetry of 
screw dislocation. In equation (28), the quan- 


of the x’y’z’ co-ordinate system about the 2’ axis, a 


the 
tity D is given by 
36Aeb 
D (29) 
ag? 4777 


s 


where 6 is the periodicity of atoms along the 2’ axis 
and r is the length of the normal from the 2’ axis 
to the resonating nucleus. 

Equations (27) and (28) display the approxi- 
mate dependence of the splitting, dv, on the ori- 
entation of an edge or screw dislocation, respec- 
tively, with respect to Ho, when Ho is in a[1, 0, 0]- 
type direction. WATKINS®) assumed the disloca- 
tions to be oriented at random and averaged over 
the distribution to account for the loss of intensity 
of the 127] NMR line in KI crystals and the “Br 
and §1Br lines in KBr crystals. However, it is clear 
from a study of equations (27) and (28) that dv can 
vanish if there is preferential orientation of the dis- 
locations in certain directions. A discussion of this 
possibility, and the discovery of such a condition in 
some Nal and KI single crystals, has been pre- 
sented elsewhere. @*) The condition is of particular 
value for the radiation-damage studies reported 
0 in the absence of radiation 
(m—>m = 1, 


here, since, if dv 
damage, the satellite 
m + 4) are present in the single, unsplit observed 
resonance and radiation-induced defects can affect 
the resonance by first-order quadrupolar effects 
(equation (19)). If, on the other hand, the satellite 
transitions are already split out at all orientations of 
Ho, they are generally unobservable and the defects 
can influence the remaining central m = 4— 
—> m = —} transition only through second-order 
(equation (20)) and higher-order perturbations 


transitions 


which are less effective. 

The next defect to be discussed is the point 
defect, either a vacancy or an interstitial ion. For 
the first part of this discussion, the crystal is 
assumed to be perfect except for point defects. The 
frequency splitting, due to the quadrupole inter- 
action, of the NMR line of a nucleus in the region 
of a point defect is given by equation (22), where 
r is the distance from the defect to the nucleus and 
6 is the angle between r and Ho. The effect of a 
large number of such defects on the NMR line 
will be considered in a phenomenological manner 
first suggested by BLOEMBERGEN.") Fig. 2 depicts 
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a representative NMR signal (the first derivative of 
the absorption curve). Experimentally, the signal 
is no longer observed when |év| > dm, for then 
the signal becomes lost in the noise. The parameter 


f 


Fic. 2. Representative nuclear magnetic resonance 
signal, showing noise level and extent in frequency of 


observable response. 


5vm is determined experimentally. In order to 
simplify the computation, it is assumed that each 
nucleus in the perfect crystal gives its contribution 
to the resonance line at vp. Actually, because of the 
dipole broadening and possible quadrupole 
broadening arising from dislocations and strains in 
the unirradiated crystal, the shape function g(v 
—vg) is not a delta function, and the line has a 
finite width. The effect of finite line width on the 
following calculations has been investigated (22) 
with the conclusion that the finite width of the 
line adds only to the detail of the argument and not 
to the gross effects. 

If a nucleus in a crystal containing point defects 
has a quadrupolar interaction such that the splitt- 
ing of the NMR line for this nucleus is greater 
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than dvm, its contribution to the line is no longer 
observed. This experimental observation is in 
accordance with the model that the frequency 
spectrum of splittings in the crystal is a broad 
distribution, all of which falls below the noise 
level. For first-order splitting (splitting of the 
transitions other than the central m = 4 > m = 
—} transition) this condition, dv > drm, is: 
2m—1 3eAQ_ 
——— ——|(3 cos?@—1)] > dvm 


: 30 
41(2I—1) hy’ (6°) 


2m—1 3e2AQ. 
—|(3 cos?@—1)}. 


v3 < 4 a 
41(21—1) h8vm 


When made into an equality, equation (31) defines 
a volume, Ve), such that all the nuclei within this 
volume surrounding a point defect have their 
NMR signal split out to the extent that the satellite 
transitions no longer contribute to the observed 
NMR line. 

A large number of defects will affect a large por- 
tion of the volume of the crystal, and the intensity 
of the observed line will be diminished. The in- 
tensity change can be computed in the following 
way. If V is the volume of the sample, the line 
intensity, Jo, of the perfect crystal will be 


Ip = bV (32) 


where 6 is a proportionality factor. If V; is the total 
volume of the crystal wherein the contributions of 
the nuclei are removed from the line, the intensity 
of the line in the imperfect crystal is: 


I = V—YV,). 
The quantity AJ, defined as 


(31) 


(34) 

is given by 
(35) 
If there are N defects, an approximate estimate of 
AI can be found by taking V; to be 
V; = NVe, (36) 
(37) 


where p is the density of defects. In first order, 


from which 
AI = NVe/V = pVe 


however, the central line (m=4—>m= —} 
transition) is unchanged when the spin is half- 
integral. The volume affected in first order is a 
function of m, Ve“) (m). This quantity can be ob- 
tained by integration, using r as the function of 
6 given in equation (31), and is 2) 


2m—1 eng 
2:42 —_—_—_—__ 


(38) 
I(2I—1) h3vm 


VeX)(m) = 
The change in intensity for each transition other 


than the m = 4} > m = —} transition is then 


ID(m) = g(m)VeX(m) (39) 


where g(m) is the fraction of the total intensity of 
the perfect crystal line contributed by the m— 
—> m-—>1 transition. In practice, the total change of 
intensity of the line from first-order effects is taken 
as 
AID) = gpVe) (40) 

where Ve) is the average of Ve (m) over the 
appropriate m values and g is the fraction of in- 
tensity contributed to the perfect crystal line by all 
transitions other than m = 4—->m = —4. 

The frequency splitting of the central line, to 
second order, is 


Svan 


4) (1—9 cos?0)\(1— cos?6). 
(41) 
The equation defining the volume affected per 
defect for the central line is 
_ 29 27 +3 1 
h =|= 4]? >(27—1) 








voovm 


1 
2 


(42) 


+ |(1—9 cos?@)|(1— cos) 


A numerical integration, employing this r(@) func- 


tion, yields :(@2) 
2I+3 1 ye 
Ve) = 143] . | 2 
[*(2I—1) h 





(43) 


vooVm 


Because of the factor vg~?, this volume is field- 
dependent. The change in intensity of the central 
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line ascribable to second-order effects is: 


AI® = pVe. (44) 
If the defect density, p, is large and the defects 
are scattered at random in the crystal, equations 
40)) and (44) will overestimate the effect of the 
defects on AJ, since there will be some overlapping 
of the volumes, Ve, affected by each defect. The 
values of AJ (equations (40) and (44)) corrected for 
this overlap of randomly distributed defects are 


AJ g{1— exp(—pVe . )] (45) 
and 


AI[e@ [1— exp(—pVe)] (46) 


‘educe to the values of equation (40) and 
for small values of p. The calculation of the 
corrected values is indicated in Appendix A. 

If the defects are clustered in such a way that the 
average distance between nearest-neighbor defects 

a cluster is less than the radius of the volume, 
Ve, attected per defect, their effect on the NMR 

ill be even less than if scattered randomly. 


there will be more overlapping of affected 


1S 


for by the random- 


C 
ves than is accounted 


ibution model. The corrected values of AJ in 


(47) 


(48) 


ee ee . 4 
clusters (number of 


(49) 


1 cluster and dis the 
ning defects in a 
the corrected values 
1 in Appendix B. 
eutron irradia- 


ne ; , tom 
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The angular properties of the effect of point 
defects on the NMR line have yet to be determined. 
Fig. 3 indicates the geometry of the situation. The 


~~ 


axis of rotation of the crystal is chosen as the 2 


a 


Fic. 3. Geometry for splitting of NMR line. 
axis, so Ho is always in the x-y plane. rz is the 
displacement vector from a defect to the Ath atom. 
If the (A;);- are the direction cosines of rz with re- 
spect to the x, y and 2 axes, 

Cos 6; (Ai); cosd+(Ao); sind (51) 
and the frequency shift of the satellite transitions 
of the Ath nucleus is (equation (22)), after some 


manipulation, 


Because of the phase factor, 5;, the angles at which 


extrema of equation (52) occur vary over the entire 
range of ¢ when all the nuclei affected by the de- 
fect are considered. Hence, the effect of a point 
defect on the NMR is independent of the orienta- 
tion of Hy with the crystallographic axes when the 
defect affects a large number of nuclei. 

There is one other matter to consider. Both an 
interstitial and a vacancy produce strain in the 
crystal. Assuming that a point defect produces 


very nearly the same strain as a spherical inclusion 
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in an elastic medium, the strain would have the 


form (24) 
a 


_ (54) 
R8 
where R is the distance from the defect to the 
nucleus in question. Substitution of this value in 
equation (26) gives a frequency shift of the form 


" Aa ~ Gj G3 | 
dv = —3 — 2 3 cos*6;—1). 
R8 ; v3 


A multiplicative factor should be placed on the 
right side of equation (55) to include the effects of 
antishielding and mechanical distortion of the ion 
cores. However, the strain effects are generally 
smaller than the effects produced by the electrical 
charge of the defect8-14) and both effects depend in 
the same manner (r~® or R-3) on an appropriate 
distance. Hence, the strain effects may effectively 
be incorporated into the parameter A. 


(55) 


(c) Radiation damage 

In this section, attention will be focused on that 
part of radiation damage theory'°-?8) concerned 
with neutron irradiation. The principal interest is 
in the results of elastic neutron—atom collisions, 
although, in the case of lithium halides the inelastic 
collisions 


3Li§+ on! +oHe4+1H?+4:8 MeV (56) 
are quite important. 

In the present experiments, the samples were 
irradiated in a nuclear reactor to take advantage of 
the high neutron flux and consequent heavy radia- 
tion damage. As a result, the energy of the incident 
neutrons ranged from thermal energy (1/40 eV) 
up to the energy of fission neutrons (2 MeV). 
Except for the lithium halides, the incident neu- 
trons of interest are of high energy and the effect 
of the flux can be approximated by considering 
only that 10 per cent of the beam with an average 
energy of 1 MeV. Such neutrons are non-relativ- 
istic and behave like classical billiard balls during 
the neutron-atom collision.2 The energy, LF’, 
transferred to a lattice atom of mass M in such a 
collision by a neutron of mass 1 a.m.u. (atomic 
mass units) and energy Lp is 


E’ = E'm sin?(6/2) (57) 


where 


4M 
(M+1) 


is the maximum energy which can be transferred 
and @ is the scattering angle in the center-of-mass 
system. The average energy transferred for 


: Eo 


” 
1 
4“ m 


isotropic scattering is 


FP. = E's /2. (59) 


It is assumed that the energy, LE’, transferred from 
the neutron to the atom must be greater than the 
energy, Hq (commonly 25 eV), of binding of the 
atom to its normal site in order for a displacement 
to take place. 

Since the primary displaced atom may have an 
energy many times £4q, it may displace additional 
atoms through atom-atom collisions. It may also 
lose energy by increasing lattice vibrations or, 
since it is ionized, by exciting electrons to higher 
energy states. The total number of displacements 
following an initial primary displacement has been 
the subject of theoretical study by Serrz 9%), 
SNYDER and NEUFELD 9-82), HARRISON and 
Seitz83), and Srirz and KoEHLER@®”, These cal- 
culations are based on the assumptions that the 
collisions are all of the binary, hard sphere type; 
that the atoms in the solid all have the same mass 
and may be treated as being randomly distributed ; 
and that each lattice atom is bound to its normal 
lattice site in a square-well potential of depth Eq. 
These assumptions result in an integral equation, 
first derived and solved by SNYDER and NEUFELD, 
for the number of displacements, g(X1), produced 
by a primary displacement with energy E 
X,Eq. SEITz and KOEHLER give the solution, ob- 
tained by numerical integration, as: 


&(X1) 


The average value, v, of g(Xj) is 
averaging g(Xj) over the energy distribution of 


0-56(1+ 1) X1 > 4 (60) 


obtained by 


primary displacements. For fast neutron irradia- 
tion the distribution function is sin?6/2 (equation 
(57)), which for isotropic scattering gives the re- 


sult 


0-56+0:-28 (61) 


Ea 
It is interesting to note that if no energy were lost 
to lattice vibrations v should be E’»/Eq or 0:50 
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E'm/Eq. Equation (61) indicates that about half of 
the energy is lost in lattice vibrations. 

It is pointed out by Seitz and KogEHLER®”) that 
the hard-sphere collision model is valid for collis- 
ions involving atoms with atomic mass as low as 10 
a.m.u. Collisions involving atoms of mass less than 
10 a.m.u. are not necessarily isotropic in the energy 
range of the knocked-on atoms produced by 1-MeV 
neutrons. However, SEITZ and KOEHLER show(2?) 
that even in this case equation (61) gives a good 
approximation to the average number of displace- 
ments per primary event. 

SAMPSON et al.4) have developed a procedure 
allowing use of a continuous, rather than a square- 
well, potential binding an atom to its normal site. 
The procedure changes some of the details of the 
computation but leaves the general results intact. 

The assumption that the atoms are randomly 
situated removes directional effects which 
would be important if the mean free path, La, 
between displacement collisions is small, but 


any 


much less important if this mean free path is large. 
Computations of Lg will be discussed below. 

The problem of the energy lost to electronic 
excitation by knocked-on atoms has been treated 
by Seitz and KogrHLer®”) with the following con- 


clusions. In terms of an energy parameter, 
(62) 


where VM is the mass of the atom interacting with 
in electron, E is the energy of the atom, and M, 
is the electron mass, the atom has an appreciable 
probability of exciting only those electrons for 
which the transition energies are less than or equal 
to e. Electrons more tightly bound are unaffected. 
Further, those electrons of the atom bound with 
energies greater than ¢€ will not be swept off by 
crystalline fields. 

From equations (58) and (62) it is possible to 
find the maximum energy parameter, €m, for 
primary displacements caused by 1-MeV neutrons. 
Using an M, of 1/2000 a.m.u., the value is 

2x 108/(M+1)? eV. (63) 
In insulators, the minimum transition energy is 
the energy, Eg, of the gap between the filled valence 
band and the empty conduction band. Eg is 


usually about 10eV. As long as em is less than 
10 eV, there will be no appreciable electronic ex- 
citation. Using this, the condition on M is 


(M+1)2 > 200 (64) 


or, roughly, as long as M is larger than 13 a.m.u. 
there will be only a negligible amount of energy 
lost to electronic excitation. This condition is 
satisfied except in the case of lithium halides. A 
particularly important exception is the case of the 
light and very energetic products of the reaction 
given in equation (56). In that case, the following 
approximation is made. Until the reaction pro- 
ducts are reduced in energy so that e < Eg, all 
energy lost will result in electronic excitation with 
no displacements. As soon as € becomes less than 
Eg, energy is no longer lost in electronic excitation, 
but only through production of displacements and 
into lattice vibrations. 

This discussion of radiation damage so far 
yields no information as to the spatial distribution 
of the displacements in the crystal lattice. The 
damage consists of patches of disrupted crystal 
associated with each neutron—atom collision which 
transfers an energy greater than Eq to the atom. 
Since the mean free path for elastic neutron—atom 
collisions is long (of the order of 1 cm), the affected 
regions will all arise from different neutrons and 
the patches will be randomly distributed. Within 
each region, however, the nature of the damage and 
the size of the region will depend on the mean free 
path, La, between atom-atom collisions. If Lg is 
much greater than the nearest-neighbor separation, 
ao, of atoms in the crystal, the defects will be 
Frenkel pairs of vacancies (empty sites of displaced 
atoms) and interstitials (displaced atoms). On the 
other hand, if La < a, the concept of Frenkel 
pairs is no longer meaningful, because the va- 
cancies and interstitials would recombine immedi- 
ately. However, if Lq@< ao a large amount of 
energy is dissipated in a limited region about the 
neutron—atom collision point, heating the lattice 
to temperatures above its melting point. After re- 
solidification, the lattice in this region may be con- 
siderably disrupted compared to the normal crystal. 
This is the basis of BRINKMAN’s “displacement 
spike’. 

The problem of determining this mean free path 
has been attacked by BRINKMAN®®®) whose pro- 
cedure is equivalent to assuming the potential of 
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interaction between colliding atoms to have the 
form (5b) 


9 


Z? -xp(—7/7 
ee sil exp(—7/10) 
2% 1— exp(—7/27) 





where Z is the atomic number of the colliding 
atoms. For a collision between like atoms, 70 
would be given by 


19 = Eap/21/8 (66) 


where ay is the radius of the first Bohr orbit in 
hydrogen. The resulting solution®) for Lg is a 
strong function of the screening parameter &. As 
Brooks®6) points out, a typical Lq for 1-MeV 
neutrons, using € = 1, is several lattice spacings. 
The Frenkel-pair picture would be appropriate 
in this case. BRINKMAN, however, prefers a value 
for € of 2-09, as derived by Ozerorr®”, This re- 
duces Lg to the order of one lattice spacing and the 
displacement spike picture would be appropriate. 

Equations (47)-(49), and their accompanying 
discussion, show that the interpretation of the 
effects of irradiation on the NMR signal depends 
strongly on the mean free path between atom— 
atom collisions. Values of the defect separation, 
d, deduced from the present experiments appear 
later in this paper. 

The fraction of atoms displaced in the crystal is 
given by 


(67) 


where 7 is given by equation (61), o¢ is the elastic 
scattering cross-section for 1-MeV neutrons, and 
6; is the integrated fast neutron flux (taken as 1- 
MeV neutrons composing 10 per cent of the total 


flux). 


fa : vocbt 


3. EXPERIMENTAL APPARATUS 


In the course of this work, two magnets were used: 
a permanent magnet* with cylindrical pole faces 6 in. 
in dia., a gap-width of 14 in., and a nominal field of 
5250 G; an electromagnet with 6-in. dia. pole faces, 
capable of producing a field of 9000 G for a gap of 
14 in. 

The radio-frequency spectrometer originally 
purchased from Nuclear Magnetics Corporation, but was 
thoroughly modified and improved before the present 
experiments were carried out. Descriptions of the 
construction and operation of such spectrometers, 


was 





*Indiana Steel Products Company, Valpariso, Ind. 
+Model V-4007 electromagnet and model V-2200 
regulated magnet power supply, Varian Associates, 
Palo Alto, California. 


employing a PouUND-KNIGHT—WATKINS regenerative 
oscillator, are given in references (5) and (38). Details 
of the modification of the present instrument are given 
elsewhere, 22) but two points are of general interest. 

The performance of the radio-frequency oscillator- 
amplifier unit depends quite strongly on the character- 
istics of the first r.f. amplifier tube (6AK5). The same 
is true for the oscillator tube (6BZ7), though to a some- 
what lesser extent. In order that the unit operate at 
its best, a 6AK5 with high gain (large gm) should 
presumably be used. However, a selection, based on 
actual in-spectrometer performance, among 50 tubes 
all with about the same high-gm value may yield two 
or three of such exceptional characteristics that the 
signal-to-noise ratio of the final recorded NMR signal 
is improved by a factor of 3-5. These exceptional 
tubes may revert to normal behavior in a few hours or 
may last for months. The behavior is unexplained. 
403B tubes made by Ericsson of Sweden appear to be 
best, but RCA 5654 and G.E. 6AK5 tubes have also 
been used. 

Fluorescent lights of the “instant start’’ type were 
found to give appreciable r.f. interference. The older 
slow-starting type give interference only when a bulb 
is old. It was found necessary to shield the resonance 
probe in the magnet completely and to ground the 
shield to the chassis of the radio-frequency unit. 

The magnetic field is sinusoidally modulated (through 
use of Helmholtz coils attached to the resonance probe}) 
with a modulation amplitude much smaller than the 
line width. Hence, after passing through a narrow-band 
amplifier) and phase-sensitive detector,) the signal is 
presented on the recorder as the first derivative of the 
absorption curve. 


‘ 


4. PROCEDURE 

(a) Irradiation 

All of the samples investigated were irradiated 
in the nuclear reactor at the Brookhaven National 
Laboratory. The crystals used were Harshaw§ 
material with the exception of KBr crystals, which 
were obtained from the Optovac Company.|| The 
crystals were grown from very pure materials and 
become even more pure in the growth process. 9) 

The samples were wrapped in aluminum foil, 
previous to irradiation, to give protection against 
damage in handling and against moisture. Some 
of the materials, particularly Lil and Nal, are 
quite deliquescent. 

Initial experiments on the ®!Br NMR line in 
KBr indicated that the reactor-produced damage 


{Design and constructional details of these probes 
are given elsewhere. (22) 

§The Harshaw Chemical Company. 1945 East 97th 
Street, Cleveland 6, Ohio. 

|| Optovac Company, North Brookfield, Mass. 
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(c) Analysis 

The values of the quadrupole moment, Q, used 
in the computations were taken from a table of 
nuclear data compiled by Varian Associates. This 
table is reproduced in reference (2). 

In almost every case, no change in line shape 
and unirradiated 
pgi lv 


p is simply a number and ge and g; are the shape 


was noted between irradiated 


, g2(v vo), Where 


specimens. That is vo) 
‘unctions of the lines in the irradiated and - 
f t f the li the irradiated and un 
irradiated crystals, respectively. Hence, the ratio 
of intensities is taken to be the ratio of the experi- 
mental maximum derivatives when the lines to be 
compared are recorded under identical conditions. 

n calculating the number of defects to be ex- 

I Iculat tl | f defects to be ex 
pected from irradiation, the crystal is assumed to be 
a monatomic solid. The number of defects de- 
pends on the maximum energy transferred from 
the incident neutron to the target atom. Since more 
energy is transferred to a light atom than a heavy 
soli | 
. bis 


atom the behaves, on the average, more as 


though it consisted of the lighter atoms. A mon- 
atomic mass equal to the geometric mean of the 


j 


constituent atoms is used, as an approximation, 


because this mean is closer to the mass of the 
lighter atom. The elastic scattering cross section is 


taker 


for each constituent atom 


as the arithmetic mean of the cross section 


since it is just a geo- 
metrical concept. 

In ionic crystals, the number of defects per atom 
which can affect the NMR line is twice the fraction 


of atoms displaced, since both the displaced atom 


(interstitial) and its empty lattice site (vacancy) can 
affect the line. 

BINDER and SturM9) have found that in LiF 
the average number of displacements per nuclear 
reaction (equation (56)) is 1-4x 10%, which agrees 
1-9x 108 given by 


he geometric mean of the 


rather well with the estimate of 
Seitz and KogEHLeR(2”), J 
of lithi is about twice the 


masses um and iodine 


geometric mean of masses of lithium and 
fluorine. Since v (equation (61)) is approximately 
inversely proportional to the first power of the 
atomic mass (equations (58) and (61)), an estimate 
of 1-0x 10° displacements per reaction (equation 
(56)) is used in predicting the fraction of displaced 
atoms in Lil. 

The values of the parameter A (see Section 2(b)) 
used in analyzing the data were chosen by reduc- 
ing the free ion results, 1—y», by an amount 
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suggested by the rather meager experimental data 
available. For lithium, the factor 1—+y. is practic- 


ally unity (Table 1), so A is chosen to be unity. This 


Table 1. Calculated values of the antishielding 
parameter, yx, for certain free ions 


Ion Reference 


(a) Das T. P. and Brersoun R., Phys. Rev. 102, 
(1956). 

(b) STERNHEIMER R. M. and 
Rev. 102, 731 (1956). 

(c) WIKNER E. G. and Das, T. P., 
360 (1958). 


FoLey H. M., Phys 


Phys. Rev. 109, 


ee 


Pals @=|60° gp =|65° 


161 


choice should be sufficiently accurate in view of the 
experimental accuracy of the present experiments. 
The factor 1 
Because there is data indicating A may be about the 


yo for sodium is 5-5 (Table 1). 
same as 1—y.(29-21) and other data indicating A 
may be about unity,“%2)) a value of 3 is chosen. 
Values of A = 30 for Br and A 
chosen at the time of performing and analyzing the 
30 for Br 
was based on the experiments of REF) which 


60 for I were 
present experiments. The choice of A 


suggest a A larger than that originally deduced by 
Watkins.) The re-interpretation™4) by WaATKINs, 
yielding values of 100 for Br in KBr and 300 for I 
in KI, is not in good agreement with the value of 
40 for Br in KBr and the lower bound of 50 for I 
in KI suggested by Otsuka on the basis of his 
recent4)) NMR studies of dislocations in KBr and 
KI. Consequently, we have retained our original 
choice of A values. A discussion of these A values, 
based on the present investigations, will be given 
later in this paper. 


5. EXPERIMENTAL RESULTS 
(a) Nal 


Figure 


4 displays the recordings at vg = 7¢20 


~ 


VS=I€ 


=167-5° \\= 170° 


Fic. 4. NMR line of 1271 in a single crystal of NaI as the crystal is rotated about a 


1, 0, Oj-type direction (approximately) normal to Ho. When ¢ = 


79° and 166°, Ho is nearly 


in a [1, 0, 0}-type direction. 
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Mc/s of the !2’I line in an unirradiated crystal as a 
function of the orientation of Hy with respect to 
the crystalline axes. The rotation is nominally 
about a[1, 0, 0]-type axis, but misorientation by as 
much as 3° may exist. The origin of the angle ¢ 
is arbitrary, but the intensity anomalies, discussed 
elsewhere, '*3) do occur when Ho is in closest ap- 
proach to [1, 0, 0]-type directions. They are most 
clearly seen in the plot (Fig. 5) of the product of the 
maximum derivative, Dm, and the square of the 
separation in frequency, Avp_», between the two 
peaks of the derivative curve. This product should 
be constant as a function of angle if only dipolar 
effects are present.@*) It is clear that first order 
quadrupolar effects from radiation-induced de- 
fects are important when Ho is at or near [1, 0, 0] 
orientations, while only second-order quadru- 
polar effects are important for other orientations of 
Ho. 

Plots of Dm versus ¢ for !27I in unirradiated and 
irradiated crystals of Nal are given in Figs. 6 and 
7, respectively. The irradiated crystal received a 
total integrated fast neutron flux of 4-1 x 1017 nvt. 
(This, and subsequent figures for fast neutron 
dosages, rest on an assumption that the reactor fast 


HON and P. J. 


BRAY 


flux can be approximated by 1-MeV neutrons com- 
posing 10 per cent of the total flux. More accurate 
flux measurements will be made in future experi- 
ments). Cooling during irradiation was attempted, 
but, owing to heating from lithium halides in the 
same container, the temperature rose on several 
occasions above room temperature. 

Comparison of Figs. 6 and 7 shows that the 
irradiation decreases the line intensity only in the 
sharp peaks associated with the intensity anomaly 
(the broad sinusoidal variations of Dm in both 
plots arise from dipolar effects). Hence, the defect 
density is large enough to give first-order quadru- 
polar effects, but not large enough to affect the 
central line in second order. 

The results of analysis are given in Table 2. 
Here pry is the defect density deduced from the 
measured AJ by using the random-distribution 
model (equation (45)). p is the expected density 
calculated the methods of Seitz and 
KOEHLER”): p = 2fa, where fa is the fraction of 
atoms displaced (equation (67)). d is the average 
separation between nearest-neighbor defects in a 
cluster deduced (equations (47)-(50)) from AJ by 
assuming the cluster model and that the number of 


with 


Table 2. Tabulation of theoretical and experimental results 


Crystal Nucleus Al 


p 
(b) 





1277 (1st order) 
127] (2nd order) 
23Na (1st order) 








1277 (2nd order) 
7Li (1st order) 





127] (2nd order); 
1st set 

127] (2nd order); 
2nd set 





81Br (2nd order) 0:27 
2 months’ delay 
81Br (2nd order) 
3 months’ delay 


0-15 


(a) Expected defect density in defects/atom. 
(b) Defects/atom deduced from experiment. 


(c) Average nearest-neighbor separation (in A) of defects in a cluster. 


(d) Effective radius (in A) of volume affected by defect. 
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Fic. 5. Product of Dm and (Av,_,)2 versus angle of 


rotation (¢) for 127I line in Nal. 


defects, m, per cluster is the theoretical 27. Values 
of dvm, ao and o used in the analysis are given in 
Table 3. 


Table 3. Values of ag, « and dvm 


Crystal ao d¥m 


(a) (b) (d) 





23Na 
127] 
7Li 
127] 
127] 
81Br 


Nal . 5 


Lil (945(c)) 
KI “§ 4°5 
KBr ‘ 35 

(a) Nearest-neighbor distance between atoms (A). 
F. Se1tz, Modern Theory of Solids. McGraw-Hill Book 
Co., New York (1940). 

(b) Elastic scattering cross-section in barns for 
1-MeV neutrons. D. J. HuGHEs and R. B. ScHwarrTz, 
Neutron Cross-Sections. Brookhaven National Laboratory 
(1957). Value given is average for constituents of 
crystal. 

(c) Capture cross-section in barns for thermal 
neutrons. See reference in footnote (b). This value of 
o must be weighted according to the atomic per cent of 
6Li in the crystal in computing f3. 

(d) Experimental maximum frequency shift from 
vo, in Ke/s, beyond which a contribution to the NMR 
line is unobservable. 


Thermal annealing during irradiation may 
partially explain why the experimentally deter- 
mined defect density, pr, in irradiated Nal is about 
100 times smaller than the expected density, p. The 
other possibility is that the random-distribution 





arbitrary units 


Dn 
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Fic. 6. Maximum derivative (Dm) versus angle of 
rotation (¢) for 127I line in unirradiated Nal. 


model is not applicable in this case. The effective 
radius of a defect when first-order effects on the 
127] line are considered is about 51 A (deduced 
from Ve)). Using the cluster model, d is only 
10 A on the assumption that » = 2v. The overlap 
of affected regions within a cluster is very great on 
this basis. Of course, if annealing has occurred, d 
will be larger. 
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Fic. 7. Maximum derivative (Dm) versus angle of 
rotation (¢) for 127I line in neutron-irradiated Nal. 


The 23Na resonance in Nal shows no intensity 
anomaly (Fig. 8). This lack of quadrupolar effects 
from dislocations is expected since AQ for 12’I is 
about 150 times larger than AQ for ?3Na. The 
satellite transitions contribute to the observed re- 
sonance at all orientations of Hy with respect to the 
crystal axes. AJ for the 24Na line is zero within ex- 
perimental error for the irradiation received. If it 
is assumed that AJ can be as large as 0-05 and still 
be unobservable due to experimental error, 
pr < 7:8x 10-4 defects/atom. The effective radius 
of Ve) for first-order effects on the ?3Na line is 
9-6 A. Since this radius re“), is comparable to d 
(obtained from the relatively accurate measure- 
ment of first-order effects on the 12’I line) while 





HON 


d 2r, 


distribution 


is necessary for the validity of the random 
the 7°8x 10-4 
defects atom is only an order-of-magnitude esti- 


model, value pr - 
mate. A smaller upper limit on py is given by con- 
sidering second-order effects on the 127] line. Com- 
paring the lines in the irradiated and unirradiated 


Maximum derivative (Dm) 
rotation (¢) for *8Na line in Nal. 


Fic. 8 versus angle of 


crystals at angles where there is no first-order con- 
tribution to the !2’J line, the change in intensity is 
0-05, the 
1-6x 10-4 
atom. The effective radius of a defect when second- 


zero. Assuming again A/ - random- 


distribution model gives pr - defects 
order effects on the !2‘I resonance are considered is 
14 A (deduced from Ve?)). Again, the defect den- 
sity given by py, is not reliable. Upper bounds on d, 
obtained by applying the cluster-model equations 
to the 28Na (first-order effects) and 127I (second- 
order effects) measurements are included in Table 
2 for completeness, though their accuracy is very 
questionable. 


(b) Lil 

There is no intensity anomaly in the !2"T line in 
the unirradiated crystal, which indicates that the 
dislocations are randomly oriented. The satellite 
transitions are presumably split out so as to be un- 
observable. The observed line is then the central 
m 4 —>m 
order effects can give intensity changes. The ir- 


$ transition and only second- 


radiation history is the same as that of the Nal. 
Fig. 9 shows Dm versus ¢ for the 127I line in 
both the unirradiated and the irradiated crystals at 
a field of 8450 G. The intensity change is AI - 
2:8x 10-3 defects/atom. 
If the intensity change is due to second-order 


0-516, which gives pr : 


effects, it should be larger at lower fields because 
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of the vo! dependence of Ve'?) (equation (43)). The 
NMR the unirradiated and irradiated 
crystals were compared at a field of 4100 G. This 
gave AJ = 0-67. Because of the lower signal-to- 
noise ratio at the lower field, this result is rather in- 


1-3 


lines in 


accurate. However, the ratio Al4199/A/g450 


\ | 
cae 


te 


angle of 
) and 


Fic. 9. Maximum derivative (Dm) 
rotation (¢) for 1°7I line in unirradiated Lil ( 


neutron-irradiated Lil (/-}). 


versus 


compares favorably with the ratio [(vo) 8450/(vo) 
4100)? = 1-43, which corroborates the assump- 
tion that only second-order effects are important. 

The use of 7 1-0 x 10% in this case yields an 
2:9x 10-1 defects 
atom. This value is undoubtedly unrealistic be- 
cause of radiation annealing, 4%) and it is also prob- 


expected defect density of p 


able that significant thermal annealing occurred. 
This criticism of the experiment is emphasized by 
application of the cluster model. Use of n = 27 = 
2:0 x 10% in equation (49) for d yields a value 
smaller than the nearest-neighbor distance (3-00 A) 
between atoms. 

Because AQ is so much smaller for *Li than for 
127], the satellite transitions are not split out in the 
unirradiated crystal and all transitions contribute 
to the observed line. Fig. 10 shows Dm versus ¢ 
for the *Li line in both the unirradiated and ir- 
radiated crystals. The intensity change is AJ = 
0-082, which gives pr = 5-4 10-% defects/atom. 
Again, application of the cluster model, using 
n = 2v = 2-0 x 10° in equation (49), yields a value 
of d which is meaningless (approximately half of 
the nearest-neighbor distance between atoms in the 
crystal). It is concluded that extensive radiation an- 
nealing (and some thermal annealing) occurred 
in this material. The investigation of radiation 
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10. Maximum derivative (Dm) versus angle of 
) and 


Fic. 
rotation (¢) for 7Li line in unirradiated Lil ( 
neutron-irradiated Lil ({-]). 


damage in Lil must be repeated with shorter ir- 
radiation periods, 


(c) KI 

The 12’I line in the unirradiated crystal shows 
an anomaly which is similar to the intensity 
anomaly of the !2’J line in NaI. However, the split- 
tings do not all go to zero when Hp is in a [1, 0, O]- 
type direction, but are distributed over a fre- 


quency range several times the width of the central 
line. This can be seen in Fig. 11 in the broad 
shoulders which appear at certain orientations as 
the crystal is rotated about a [1, 0, 0|-type axis. A 
discussion of this phenomenon has been given 
elsewhere. 29) 

The first set of KI samples investigated have the 
same history of irradiation as the Nal and Lil 
crystals discussed above. Consequently, part of the 
damage was annealed. Enough damage remained, 
however, to remove any trace of the satellite 
transitions (constituting the shoulders of the line) 
when H, is in a [1, 0, 0]-type direction. Fig. 12 
shows Dm versus ¢ for both the irradiated and un- 
irradiated crystals. No quantitative results were 
obtained from the first-order affects. However, 
there is some decrease in intensity of the line at 
& = 45°, which must be due to second-order 
effects. The decrease in intensity, AJ = 0-067, 
yields py = 2:2 10-4 defects/atom, as compared 
to the expected value p = 2-3 x 10-% defects/atom. 
The average radius of the volume affected per 
defect is 15 A (deduced from Ve'?)), so that the 
between adjacent defects 


average separation 


should be roughly 30 A or greater if the model of 


f=80° 


Fic. 11. NMR line of !?’I in a single crystal of KI as the crystal is rotated about a [1, 0, 0]-type 


direction normal to Hy. When ¢ 0 


and 90°, Ho is in a 


[1, 0, O}-type direction. 
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randomly distributed defects is to be valid. The 
cluster model gives d = 9 A. Hence, the defects 
are apparently arranged in clusters with a large 
overlap of affected regions within a cluster. 


3d. 
Fic. 12. Maximum derivative (Dm) versus angle of 
rotation (¢) for 127I line in unirradiated KI ((©)) and 
neutron-irradiated KI (| -!). 


Another set of samples were maintained at 0°C 
or lower during an irradiation with an integrated 
fast flux of 2-010!" nvt. Very little annealing 
should have occurred in this case. The line in- 
tensity change of AJ 0-104 yields Pr 3-4x 
x 10-4 defects/atom, while the expected concen- 
1-1x 10-8 defects/atom. However, 
14 A, again indicat- 


tration is p 
the cluster model yields d 
ing that the defects occur in clusters. Comparison 
of the neutron dosages, 4, and AJ values in the two 
cases (6 = 4:1 10!" nvt, AJ = 0-067; d = 2-:0x 
x 1017 nvt, AJ = 0-104) confirms the occurrence 
of significant thermal annealing in the first crystal. 
Consequently, the value d = 14 A computed for 
the second crystal is accepted as the more accurate 
value. 

(d) KBr 


A crystal of KBr was used in the first experi- 
ment of the series reported here. The unirradiated 


crystal showed no intensity anomalies. The dis- 


locations are assumed to be oriented at random, and 
the observed line is essentially only the central 
transition. The sample was irradiated* in a water- 
cooled hole in the Brookhaven reactor, with an 
integrated fast neutron flux of 6°6x 10-1’ nvt. 
After irradiation the sample was kept at room tem- 


perature. 


*The authors are indebted to Dr. VANcE SAILor, of 


the Brookhaven National Laboratory, for this irradiation. 
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The sample was not investigated until two 
months after removal from the reactor (because of 
a breakdown of the NMR equipment), at which 
time the observed intensity change was AJ = 0-27. 
From this, it can be deduced that pr = 2-5 x 10-3 
defects/atom. Three months after removal from 
the reactor, AJ=0-15 and p, =1:3x10-3 
defects/atom. The predicted defect density, with- 
out annealing, was p = 3:6x10-3 defects/atom. 
The computed d value (13 A) is only slightly 
larger than the value 7,{2) = 10 A for the effective 
radius of the volume Ve). Hence, the cluster 
model is apparently required. 


6. DISCUSSION 

The clustering of the defects produced by a 
primary displaced atom is substantiated by these 
experiments. If the defects were uniformly dis- 
tributed (random model) throughout the crystal, 
there would be line broadening of the type ob- 
served by Retr.8-!4) However, no change of line 
shape occurred on irradiation. Further evidence 
arises from application of the cluster model. All 
computed values of d (Table 2) are such that 
d < re, whereas d > 2r, should be found if the 
random model is applicable. 

Table 2 lists the average nearest-neighbor 
distance between defects in a cluster. Since, with 
the exclusion of lithium halides, the number of 
displacement collisions is half the number of 
defects, the average distance between displace- 
ment collisions is 2' d or 1:26 d. The data for Nal, 
KI and KBr indicate that the mean free path be- 
tween displacement collisions is approximately 4 
or 5 times the nearest-neighbor separation, ao, for 
irradiation effects due to fast neutrons. The mean 
free path between displacement collisions depends 
on the parameter £ (equation (66)) which measures 
the strength of the screening in ‘the screened 
coulomb potentials of the colliding atoms. The 
above results indicate that the value of unity, which 
gives the mean free path between displacement 
collisions as several lattice spacings, is better than 
the value of 2-09, which gives about one lattice 
spacing. 

The py values (Table 2) depend inversely on the 
first power of A. If the random model were ap- 
plicable, comparison of experimental p, and com- 
puted p values would be a sensitive means of 
checking assumed values of A. Unfortunately, the 
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apparent clustering of defects thwarts any assess- 
ment of the assumed A values. The computed 
values of d depend only on A! in a subordinate 
term (equations (38), (43) and (49)). 

A large density of color centers is produced in 
all of the crystals during irradiation. It has already 
been remarked that these centers do not noticeably 
affect the spin-lattice relaxation time 7). How- 
ever, the large spin-spin interactions between 
these centers and neighboring nuclei could con- 
ceivably be responsible for the observed decreases 
of NMR line intensities in the irradiated crystals. 
The data indicate that this is not the case. A re- 
presentative Hamiltonian for the interaction is 

H=al:-S (68) 
where J is the nuclear spin and S is the electron 
spin (consideration of the F-center model is prob- 
ably sufficient for the present discussion). The 
constant a is given by 

16 wap? 
a0 sige renee (69) 

3 I 
where zg is the magnetic moment of the electron 
forming the color center, is the magnetic mo- 
ment of the nucleus, and ¢ is the wave function of 
the electron at the nucleus. If this interaction were 
causing the intensity decreases in Nal, the effect 
would be larger for the 28Na line than for the 1°7I 
line («/Z and probably ||? are larger in the 
former case). No effect was observed on the 22Na 
line, while the 1271 resonance was strongly de- 
creased in intensity. The Lil results provide an 
even stronger argument, since y/J of ‘Li is even 
larger than that of 28Na and yet the 1°’I line is 
again affected more than the ’Li resonance. 

Additional experiments involving reactor ir- 
radiation and NMR investigation of Nal at lower 
temperatures and perhaps additional irradiation 
must be carried out to secure measurable effects in 
both the 28Na and 1271 NMR lines. This will 
allow an internal check of the data through com- 
parison of the two resonances when both are in- 
fluenced by first-order quadrupolar effects. The 
rubidium and cesium halides become too radio- 
active to permit sufficient reactor irradiation. 
However, they are under study in a program in- 
volving charged-particle irradiation. A compound 
such as RbBr is of particular interest, since all the 
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constituent nuclei are of approximately the same 
mass and all have large AQ values. 

The present experiments, whose results have 
appeared in brief form elsewhere, (44~4® establish 
the usefulness of NMR techniques in quantitative 
studies of radiation damage in solids. The method 
of analysis, while not as comprehensive as the 
treatment of COHEN and RerF4) which became 
available after these experiments were completed, 
appears adequate to obtain valuable information. 
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APPENDIX A 

The correct AJ for large defect densities can be 
calculated in the following manner. The problem is 
analogous to that of computing how much volume is 
removed from a volume V after n scoops, each of volume 
Ve, are taken out at random. Let V(n) be the total 
volume removed after n scoops. V(n) is related to 
V(n—1) by 

V(n—1) 

V(n) V(n—1)+Vel 1 oe -| (A.1) 


where the second term on the right is the average 
amount scooped out on the mth scoop when 1» is a fairly 

large number. Rearrangement yields 
V(n) V(n—1) 

catiaeidiana +7 eal 

Ve Ve 


(A.2) 


where r = 1—(Ve/V) and is always less than unity. 
The solution of this difference equation of first order is 


(A.3) 


If V is taken as unit volume, m becomes the density of 
defects, p. The total volume removed per unit volume is 

Vi(p) = 1-(1—Veye. (A.4) 
Rearranging and taking the logarithm of both sides 
gives 


In[{1—V4(p)] = p In(1—Ve). (A.5) 
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V(p) 1— exp(—pVe). (A.6) 
and (46) follow from (35). 

ilysis of radiation damage 

NMR signal can also 

the approach and equations previously 

and BLOEMBERGEN and 

ach considers the number of 

a nucleus which, if occupied 

ause the loss of the 

Neitl el 


Ss present 


resonance contri- 


nucleu of the two methods 


state of development. 
nt, incorporating both approaches, 


subsequent paper concerned 


r more accurately measured 


neutron flux, crystal temperature during 
annealing, etc. Equations 


sufficient for the 


post-irradiation 
this 
ree within experimental error with the 


paper are present 


analysis 


APPENDIX B 

NMR line in the 
of clustered defects can be computed approximately in 
manner. Assume that 
Let re be the effective radius of the 


The change in intensity of the case 


the following each cluster is a 
sphere of radius R 
each defect in a cluster. The 


volume, Ve, affected by 


volume, Ve’, affected by each cluster is taken as 


Ve' — —(R+r,)3 (B.1) 


where it is assumed that there are no nuclei unaffected 
within the cluster and the actual (unknown) shape of 
R is obtained 


in a cluster 


the cluster is approximated by a sphere 
from the fact that the number of defects, n, 


l 


(B.2) 


where d is the average 


separation between adj« ning 


4 


defects in the cluster. re is given by 


(B.3) 


The volume affected by a cluster is then 


Ve (n'd+Ve*)?°. (B.4) 


Equations (47)-(49) result when the clusters are ran- 


domly distributed in the crystal 
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LETTERS TO THE EDITOR 


Electrical effects during cyclic stressing of sodium 
chloride 


(Received 8 April 1959) 


In order to explain the temperature-dependence 
of the mechanical strength of ionic crystals of the 
sodium chloride type, EsHELBY eft al.) have 
extended to dislocations LEHovEc’s®) idea of a 
surface space-charge layer, resulting from a 
difference in the formation energy of the two kinds 
of vacancies. According to these authors, a dis- 
location should carry a positive line charge, 


To test this assumption in a more direct way, 
the following experiment was performed. A bent 
sodium chloride crystal was clamped in a jig, as 
shown in Fig. 1. The two ends to which the forces 
were applied were carefully shielded and grounded 
so that eventually friction-induced charges would 
be carried away. A gold electrode was evaporated 
on to the central part, and connected by means 
of a gold wire to the input of an electrometer 
tube and then to an oscilloscope. The crystal was 
brought into vibration in the frequency range 
10-100 c/s by means of loud-speaker coil system, 

















me 


to 
electrometer 
tube and 
scope 
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Fic. 1. Grip system for vibrating crystal. 


gold electrode 
aluminium foil 
rubber O-rings 


resulting from the presence of an excess of posi- 
tively charged jogs;®) moreover it should be 
surrounded by a cylindrical Debye—Hiickel cloud 
of vacancies of opposite sign, so that overall 
electrical neutrality is maintained. This assump- 
tion was also proposed as a possible explanation 
for the electrical effects observed by FIscHBACK 
and Nowick) and CarFryn and GOoDFELLOW®) 
on the plastic deformation of NaCl. 


F fixed steel grips 
MG = movable grips 


which was placed far enough away and carefully 
shielded to avoid any transmission to the crystal 
other than purely mechanical. The amplitude of 
vibration was kept so small that no appreciable 
plastic deformation could take place, the only 
possible effect thus being a forced vibration of the 
dislocations around their equilibrium position. 
The method of deformation favours pure bend- 
ing, with a maximum moment in the central part. 
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Fic. 3. Oscilloscope trace of response of sodium chloride crystal to vibration. One 
division corresponds to 1 mV. 
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The dislocations of the majority sign, induced by 
bending, are expected to move inward from both 
sides of the neutral plane if the instantaneous 
deformation is such as to increase the curvature 
(Fig. 2a); the reverse is true for deformation in 
the opposite sense (Fig. 2b). This situation is 
visualized in Fig, 2. 

It is clear that the crystal now contains a system 
of vibrating dipoles which induce charges on the 
electrode applied to the surface. Opposite faces 


/ / 
| | 
| i 
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frequencies, it is also what one would expect from 
the theoretical picture. The measurement of the 
phase difference between applied shear stress and 
the output signal is clearly of considerable interest 
in the study of the interaction of vacancies and 
moving dislocations. The method described here 
is therefore a promising tool for this type of study. 
research 
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Fic. 2. Schematic picture of dislocation movement with respect to vacancy cloud. 


of the crystal should acquire the same charge in 
the same phase of vibration and a charge of the 
opposite sign in the opposite phase. For a sinu- 
soidal input signal, the signal shown in Fig. 3 
was observed on the oscilloscope. It is thought 
that this is the effect sought, since other possible 
minor effects were carefully eliminated. A piezo- 
electric effect is very improbable, since its existence 
would be in conflict with the crystal symmetry 
of NaCl. The possibility that bending may cause 
deviations from symmetry giving rise to piezo- 
electric effects can however not completely be 
excluded. A phase difference was found between 
the signal applied to the loud-speaker coil and the 
output signal of the crystal. Although part of this 
phase difference is certainly due to inertia of the 
mechanical transmission, especially at the higher 
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Low-temperature phase transitions in $-Ca3(PO.)2 
and related compounds. 


(Received 2 April 1959) 
ON measuring the temperature-dependence of 


3-Cag(POq's activated with 
the 


the luminescence of 


divalent tin®?) an anomalous behaviour of 
luminescence intensity was found. When samples 
of the phosphor were cooled down quickly from 
room temperature, they showed a bright lumi- 
nescence at 190°C 2537 A), 


whereas on cooling slowly almost no luminescence 


(excitation: A 


was observed at low temperatures. On reheating 
these samples, the luminescent intensity versus 
temperature curve showed two anomalous jumps 


40 and +35°C (Fig. 1, 


in the regions around 
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0 
-100 -80 -80 -40 -20 0 2 40 
> °C 


Anomalous temperature-dependence of the 
in /-Cas(PO4)e—-Sn; heating and cooling 
min. 


Fic. 1 


luminescence 


rate ~3 
curve a). In the reverse direction (cooling), the 
jumps occurred at lower temperatures (Fig. 1, 
curve b). This behaviour strongly suggests the 
occurrence of two low-temperature phase transi- 
tions in 8-Cag(PO,4)o—-Sn, which is a rather striking 
phenomenon to take place in a compound at 
approximately 1700°C below its melting-point. 
The effect described might cause complications 
in cases where f$-Cag(PO4)o phosphors (or the 
related phosphors to be described further on) are 
used in fluorescent lamps which occasionally are 


THE EDITOR 
operated at low temperatures, for instance in 
street lighting. 

The presence of two phase transitions in 
B-Cag3(PO4)2 could be confirmed by calorimetric 
measurements. The Cy versus 7° curve showed 
two peaks in the temperature regions. 
Because the peaks were also present in samples 
which did not contain tin, the transitions cannot 
be connected with the presence of the tin. The 
sum of the heat effects connected with the tran- 
sitions was found to be about 1700 cal/mole, the 
sum of the transition entropies being approxi- 
mately 9-2 cal/°C-mole. In order to get measurable 
effects, we had to take rather large samples of 
retardation effects in 


same 


B-Ca3(POq)o, resulting in 
the calorimetric measurements. For this reason, 
and also because the transitions are sluggish (cf. 
Fig. 1), the peaks in the specific heat versus 
temperature curve often were not very well 
resolved. We therefore could not safely divide 
the values of the total heat and entropy effects 
given above into contributions of the separate 
transitions. 

We also investigated a number of Sr-ortho- 
phosphates modified with small amounts of 
smaller cations such as Mg, Zn, Ca, Cd and Al. 
These modified orthophosphates, which also give 
bright phosphors on activation with divalent tin, 
probably have the same structure as B-Cag(P( )4)o"), 
In fact these phosphors also showed the same 
transitions as B-Ca3(POq4)o, even in about the same 
temperature regions as is shown in Fig. 2. The 
total energy and entropy effects agree to within 
10 per cent with those found for the transitions in 
B-Cag(PC )a)o. 

B-Cag( PC 4 y 
Whitlockite. It shows a high-temperature tran- 
sition at 1180°C to a-Cag(PO4)o. The B-Cag(PO4)e 
is very suitable as a host lattice in phosphor making. 
Up to now efficient phosphors have been prepared 
with Tl, Ce (Mn), Sn (Mn), and Cu (Mn) as 
activating impurities. The structure of B-Cag(PO4)e 
has been investigated by Mackay®-4), who found 
that the rhombohedral unit cell contains 7 mole- 
cules of Cag(POq4)o. This is in conflict with the 
space-group Rgc, which requires an even number 
of molecules per unit cell. On the basis of his 
X-ray work, Mackay came to the conclusion that 
in B-Cag(POx4)o there is some statistical distribution 
of the type in which N atoms occupy M equivalent 


is found in nature as the mineral 
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Fic. 2. Anomalous temperature-dependence of the luminescence 


in tin-activated (modified) Sr-orthophosphates ; 


heating rate 


~3°/min. 


positions, where M>N. In this way the con- 
flicting evidence of the space-group and the 
contents of unit cell can be reconciled. The low- 
temperature transitions in B-Cag(PO4) and related 
substances may be connected with ordering 
effects in this random distribution, but much 
more work will be needed to substantiate this 


speculation. 
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Some observations concerning the effect of 
impurities on the anatase-rutile transition 


(Received 27 March 1959) 


THE rutile transition of spectroscopically pure 
anatase has been recently investigated in the 
temperature range 610—735°C.”) The kinetics of 
this transformation was found to be second order, 
with an activation energy of ~100 kcal/mole. It 
seemed of interest to study the effect of controlled 
quantities of impurities on this transition. 

The peroxidized titania solution was prepared 
from titanium metal as described earlier.) To 
aliquots of this solution were added one of the 
following ionic impurities: Sb®*, Al®*, Zn?*; 
PO4=, Soq= and Cl-. The amounts were adjusted 
so as to yield a 5 atomic per cent concentration of 
a given impurity in the final samples. (The anionic 
impurities were added as aqueous solutions of the 
free acids. The cationic impurities were prepared 
as oxides from soluble metal salts, using NHsOH; 
after filtration, the oxide was redissolved in conc. 
NH,OH). Titania gel and 'TiO2 were then obtained 
in the usual manner.” 

The data, based on intensity measurements of 
X-ray diffraction lines, ‘?) are summarized in Table 
1; the antimony-doped samples could not be 
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Conversion 


Table 1. 
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of anatase to rutile in the absence and presence of impurities (per cent rutile as 


a function of time and temperature) 


1 hr | 2hr 
100 100 100 | 97 
94 96 100 90 
74 8° e 92 78 

0 0 a 0 

0 0 0 0 

0 0 0 0 


TiOe (pure 
Zn** 
Cl 


investigated because of the excessive volatilization 
of the impurity above 700°C. Inspection of the 
data shows the following: (1) all the impurities 
investigated had an adverse effect on the transi- 
tion, i.e. they stabilized the anatase structure. 
(2) The degree of stabilization is in the order 
Zn?+<Al* for cations and Cl-<Sog= <PO4= for 
anions. (3) Within the rather large experimental 
uncertainties, the rates of conversion follow the 
second-order law encountered in the pure samples. 

The increasing retardation effect of the anions 
can be readily correlated with the increasing bulk 
of the anions and the augmented stability of the 
corresponding titanium salts. For the transition 
from anatase co =9-51A; p 
3-899 g cm? to rutile (ag = 4:58 A, co = 2:96 A; 
p = 4-250 gicm*) is accompanied by a marked 
contraction of the tetragonal unit cell; it is quite 
reasonable that bulky foreign groups should 
inhibit the transition. The retardation effect of 
the cations cannot be attributed to a size effect, 
since the metal-to-oxygen distances in ZnO, 
y-Ale O3 and TiOs are comparable. However, in 
view of the large degree of ionic character of the 
host lattice, it is of interest that the retardation 
effect of the foreign ions increases with their 
charge. A complete interpretation cannot be 
provided until the manner in which the foreign 
ions are accommodated in the TiQs lattice has 
been clarified. In particular, the fact that the 
doped and pure anatase exhibit the same lattice 
parameters must be explained. 

The above findings are in essential agreement 
with other information available in the literature, 
though it must be recognized that the method of 


(ao 3-77 A, 


4hr|8hrj|1hr|2hr 


870°C 


3 hr 





6 hr 


4hr  8hr]}1hr!|2hr 4 hr 





100 
100 
86 100 
0 100 
0 93 
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100 
100 
100 


100 100 


100 


100 
100 


100 
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sample preparation used here differs significantly 
from that employed elsewhere. Hydrolysis of 
TiCl, yields rutile at temperatures in the range 
400-600°C,-5) but in the presence of SO4= or in 
the hydrolysis of Ti(SOq)s, the transition temper- 
ature rises to the range 800-1050°C.©-8) The 
PO, ion has been observed to have a marked 
retardation effect.®) Hitric and KosTERHON’®) 
observed that the transition temperature is 
shifted to somewhat higher values when TiQOg, 
prepared from the chloride or sulfate by hydro- 
lysis, is exposed to HCI vapor. 
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Nuclear magnetic resonance frequency shift of 
59Co in CoF2 


(Received 8 April 1959) 


NUCLEAR magnetic resonance of 5%Co nuclei in 
antiferromagnetic CoF2 has recently been observed 
by JaccaRINo™), The high resonance frequencies 
are attributed to the strong magnetic hyperfine 
field at the nucleus produced by the antiferro- 
magnetically aligned electron spin on it. He also 
found that the apparent gyromagnetic ratio is 
larger than that in a diamagnetic crystal by about 
20 per cent. Half of this field-proportional shift 
is attributed to the magnetic hyperfine field 
produced by that portion of the Co?* spin which 
is induced by the external magnetic field; the 
antiferromagnetic parallel susceptibility does not 
vanish even at 0°K.@) 

We shall here point out that the other half of 
the field-proportional shift comes from the 
magnetic interaction between the nuclear spin 
and the orbital magnetic moment of the Co?* 
ion induced by the external magnetic field. ‘This 
type of shift is usually called a chemical shift,* 
though the magnitude is usually much smaller. 

The magnetic field at a cobalt nucleus produced 
by the electronic orbital moment is written as: 


H = —2p5( ak 


*The first theoretical study of chemical shift was 
made by Ramsey'®), A particular case of ®°Co in dia- 
magnetic salts has been studied both experimentally 
and theoretically.“4) The magnitude of the chemical 
shift of Co%+ in diamagnetic salts is a few per cent, 
which is one order of magnitude smaller than in CoFs. 
Our relation (5) between oz and X. holds in this case, 
too. The writer is indebted to Dr. R. G. SHULMAN 
for calling his attention to these studies on diamagnetic 
cobalt salts. 


=) (1) 
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where < > denotes a statistical average over the 
electronic states; J, and rz denote the orbital 
angular momentum divided by A and the position 
vector of the Ath electron assuming the nucleus 
to be at the origin, respectively. When the ground 
orbital state is not degenerate, equation (1) 
vanishes unless an external field is applied. The 
external magnetic field, Ho, polarizes the ground 
orbital state to give a nonvanishing expectation 
value of equation (1). With the use of a pertur- 
bation method, assuming that all the excited 
orbital states lie well above the ground state, we 


3ne*Q O 
1+— -)A+Ho, (2) 
I(2I—1)yyhup 


A (g|L|n)( Kae) (3) 


En—Ey 


where A is a tensor; g and m represent the ground 
and the excited orbital states under no external 
magnetic field, respectively; L represents the 
orbital angular momentum of the cobalt ion. 
The second term in the bracket in equation (2) 
is the contribution from the quadrupole inter- 
action which is not of primary importance. A is 
related the temperature-independent  sus- 


ceptibility by 
2up?A = Xo. (4) 


The total field-proportional shift is then given by 
AH G- Hb, 


to 


6 = ds+o,, 


] 
—_—_____—— Ag 1(X—Xa), 
Nywhup 


/1\ 1 
OL = ee — OO, | 
\8/ N 

where the bold symbols are tensors; A the hyper- 
fine coupling tensor, g the g-tensor. The principal 
values of A can be determined by using the 
paramagnetic- resonance data for Co?+ in ZnFe 
given by ‘TINKHAM®) and by Stout“). According 
to STOUT, we havet 


(3) 


Os 


tWe assume that the hyperfine coupling tensor of 
Co?+ in CoFe2 is equal to that of Co?+ in ZnF2. The 
negative sign of Ay is reasonable from a theoretical 
point of view. 
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1,/g A ~|2 4 1:65 x 10-3 cm7!, 
A, /g ly/gy —3-61x 10-3 cm"}, (6) 
A./g, A./¢- 1:78 x 10-3 cm~!, 

where A’, g’ are the effective values of A and g 

within the lowest Kramers doublet (S’ 


manifold), respectively; the x, y and z axes are 
along the [110], [110] and [001] directions, 
The F  <(1/r3) 
taken to be practically the same as that in hydrated 


respectively. value of may be 
salts, for which the empirically determined value 


is <(1/r3)> e2 5-2 atomic unit.(”) Thus we get: 


Se = BO Xe— Xue) 4-11 TKen, 


Gy = —19-2(Xy—Xyoo)+ L17X yn, (7) 


| 


The values of X have been measured, while those 
or Xy NAKAMURA and 
TakeTa®) from the analysis of the magnetic- 


Gz = 9°5(X,—X 2) + 117X200. 


have been determined by 


susceptibility data. By using these values, we get: 


OLz 12x 10-°, GLy 1-3« 10-2, 
GLz 9-4x 10-°. (8) 
At 0°K, X —X,.—~10-? and therefore the total 


shift along the z-direction amounts to nearly 
20 per cent, which explains the observed value. 
We see from equations (7) and (8) that the con- 
tributions from the two sublattices to the per- 
pendicular susceptibility can be measured separ- 
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ately by a nuclear-resonance experiment with the 
external field along the a- or b-axis. This type of 
large shift in the resonance frequency is expected 
also in the nuclear resonances of the other tran- 
sition elements such as Cu2*, Mn** and V2". 
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The sentence on p. 257, following equation 3.10, first column, should 
I g eq 


have read as follows: 


We may then obtain the value of the density matrix at very large 


times as the limit approached by the Laplace transform P(s) as the 


Laplace parameter approaches zero through positive real values. 
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Abstract—The phase transformations in neptunium metal have been studied by thermal analysis, 


dilatometry, and resistivity measurements. ‘The values obtained were: « 


3°C, and y—liquid 637 +2°C. 


3280 +-5°C, B>y5774 


Results of the X-ray examination of the crystal structures of the three phases are compared 
with those of ZACHARIASEN (Acta Cryst. 5, 660, 664 (1952)). 


1. INTRODUCTION 


THE earliest reported work on the metallurgy of 


neptunium(-2) was on a milligramme scale. ‘The 
X-ray work of ZACHARIASEN showed the existence 
of three allotropic modifications, and values were 
given for the transformation temperatures, ‘The 
only other data obtained were the melting point 
and the macroscopic room-temperature density. 

The present authors set out to confirm these 
results by well-established thermal-analysis and 
dilatometric techniques on samples weighing up 
to 10 g. Values for the transformation temperatures 
were also obtained from electrical-resistance 
measurements and are quoted in the present 
paper. (A full description of the resistivity work 
will be given in the final paper in this series; 
specific-heat measurements have been reported 
in the first paper of the series. )) 

X-ray studies were undertaken at temperatures 
up to 600°C with a Unicam high-temperature 
camera, and at room temperature with a Guinier 
focussing-type camera. 


2. EXPERIMENTAL METHODS 
(a) Specimen purity 
A spectrographic analysis of the material‘) has 
given as the major impurities 0-34 per cent 
calcium and 0-22 per cent uranium. 


(b) Thermal analysis 
A differential-thermocouple method was used, 


M 


as developed for work on plutonium and its 
alloys.) The apparatus was modified by mounting 
the specimen and the tantalum standard side by 
side instead of one above the other. By using 
amplification factors of the order of 100 X, it was 
possible to obtain sizeable “‘kicks”’ at the transition 
temperatures with a sample weighing only 1 g. 


(c) Dilatometry 

For this measurement a simple silica-tube 
vacuum dilatometer, which has been described 
elsewhere,“ was used. The specimen was a 
cylinder $ in. long by } in. diameter, prepared by 
arc melting the original neptunium bead and then 
machining the ends square. 

The density of this rod was determined by the 
conventional displacement method. 


(d) X-ray examination 

The room-temperature photographs were taken 
in a Guinier focussing-type camera specially 
designed for the handling of «-active specimens ;() 
the high-temperature photographs were taken in a 
standard Unicam high-temperature camera which 
had been modified to reduce the probability of 
the silica capillary being shattered. 

To reduce the oxygen contamination of the 
specimen to a minimum, the filings for the high- 
temperature work were prepared and sealed in 
the capillary under vacuo. Nevertheless, at 
temperatures over 500°C, NpO, probably formed 
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Table 1. Transition temperatures for neptunium metal (°C) 


Heating values* Cooling values* Values 
— —————$——_ : obtained 
nalysis | Dilatometry Resistivity Dilatometry Resistivity in U.S.A. 


5 S+5 : 278(1) 
10 . ae 5774 5 ; 550-570) 
5 640 +-1(?) 


iting and cooling rates approximately 2°C min. 
neptunium and the values - the transition temperatures are: 


films. The intro- «—f280+5°C; B>y5 3°C; y—+liquid 637+ 


the filings and 


capillary was not an effective A typical dilatometer run is shown in Fig. 1. 


roblem. The values of the coefficient of linear expansion 

27:5 10-®°C for the « phase (40-240°C) 

EXPERIMENTAL RESULTS ane Se. fee Ge Pee ere 

Because of creep, no reliable value is available 
m ve? peratures for the Y phase. 

es for a series of runs by each of Measurements of the density of the sample at 

given in Table 1. Agree- room temperature gave 20-18 g/cc before arc- 

us methods is good for the melting and 20-25 g/cc after arc-melting. The 

ns, but wider variation latter figure yields values of 19-31 and 18-55 g/cc 

transition. However, for the 8 and y phases at 290 and 580°C, respec- 

ion is somewhat tively. The values for the « and f phases are in 

tage, and thus good agreement with the calculated crystallo- 

the method of graphic values of 20:48 and 19-40 g/cc, but the 


most probable ilculated value for the y phase, assuming it to 


=, DILATATION PER UNIT LENGTH x 10° 


Al 
1 


4 





n 4 hia — 
100 200 300 400 500 600 700 
TEMPERATURE °C 


Fic. 1. Thermal expansion of neptunium metal. 
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be body-centred cubic, is only 18-04 g/cc. How- 
ever the dilatometric work shows that creep occurs 
during the B->y transformation and this may 
explain the discrepancy. 


(b) X-ray studies 

The results of the present investigation are 
essentially in agreement with those of ZACHAR- 
IASEN.) Table 2 gives a comparison of the low- 
angle lines observed at A.E.R.E. and by ZACHAR- 
IASEN for the « phase. The advantages of the 
focussing camera over a straight powder camera 
are shown by the better fit between the observed 
and calculated sin?@ values in the case of the 
former and by the presence of several of the 
weaker lines not observed by ZACHARIASEN. ‘The 
results of a determination of the unit cell by a 


Table 2. Observed reflec 


Harwell values 


Indices 
Intensity 


0-0270 
0:0512 
0531 
‘0647 
‘0780 
O805 
0992 
1050 
‘1063 
‘1126 
1395 
1450 
-1530 
‘1610 
1782 
1847 
2059 


2139 
2194 
2407 
‘2464 
2510 
+2593 
-2640 


values for Cu Ka. 
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least-squares method give close agreement with 
U.S. values. 


Calculated unit cell, «-neptunium: 


ZACHARIASEN 
4-723+40-001 A 
4-887+0-002 . 
§-663+0-003 / 


HARWELL 
4-721+0-002 A 
4-888+0-002 A 
6-661-+0-002 A 


a 
b 
c 


High-temperature powder photographs were 
only taken in the 8 and y phase fields. The 8 
pattern taken at 312°C gave lines in agreement 
with ZACHARIASEN’s primitive tetragonal cell with 
lattice parameters of a - 3-386 A, the 
U.S. values at this temperature being 4-897, 
c = 3-388 A. 

As mentioned previously, 


4-895, ¢ 


a 


oxidation proved to 


tions for a-neptunium 


ZACHARIASEN values 


Sin?6obs. 


Sin6@calc. 
0-0266 
0:0514 
0:0534 
00-0648 

‘0782 
‘0800 
‘0994 
-1048 
)-1064 
‘1128 
-1394 
-1450 
-1528 
-1598 
)-1794 
-1846 
-2058 
-2138 
-2192 
-2196 
+2370 
-2404 
-2462 
-2502 
):2516 
-2592 
-2636 
‘2641 


0-0654 
0:0792 


0-1004 
0:1058 
0:1077 
0-1139 
0:1406 
0:1453 
0:1526 


0-1859 
0:2077 


0:2208 


0-2420 
0:2482 
0-2523 
0-2611 
0-2653 


equivalent 











J. A. LEE, P. G. MARDON, J. 


be seri temperatures above 500°C, and no 
lution could be obtained for the struc- 
y-neptunium. ZACHARIASEN has suggested 

x to an unfortunate geometrical relation- 
ship, the lines of NpO may obscure the lines of 
ep un is body-centred cubic, as would 
S st ibility. The only exception to 
ld be the y-neptunium line with indices 

32 ch a line was observed both by 
ZA IASEN and the present workers. However, 
H: I] pattern also contains one or two weak 
h do not fit such a structure. 
4. DISCUSSION 

present work has confirmed that neptunium 

hree allotropic modifications. The 

m the f to the y phase shows some 

ing features; thus on thermal analysis it 
appears to be two very close over- 

g arrests on heating, whilst at other times 

| nenon shows up only as a discon- 

the shape of the “kick’’. The dilatometric 

also shows a discontinuous change of 

slope in the middle of the transition during 
heating runs, and the temperature spread of the 
her large. These effects may be 

1 ies in the metal, but it is noticeable 

that there are only two major impurities reported, 
calcium and uranium; the former was probably 
rem 1 in the preliminary arc-melting process 
f one judges from the case of pluto- 

n likely to have any effect on the 
ptuni unsformations, whilst investigations 


neptunium-uranium system) have shown 
arrest becomes sharper as more 


This 


a fourth phase may exist over a 


uranium is added. behaviour therefore 
suggests that 


small temperature range in the pure metal and, 


certain 


like 6’-plutonium, is very sensitive to 
mpurities and has been suppressed in the 
comparatively impure metal used in the present 





Against this, the yf transformation on 
cooling is clear-cut on both thermal analysis and 
dilatometry. This problem clearly cannot be 
lved until pure neptunium is available. 

A second interesting problem is the crystal 
cture of the Y phase. ZACHARIASEN’ S suggestion 
it is body-centred cubic is reasonable from 
certain points of view. Thus it explains why 
virtually no lines are seen on the pattern other 
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than those of NpO and it would make the y phase 
isomorphous with the highest-temperature allo- 
tropes of plutonium and uranium. Initial investi- 
gations into the neptunium—uranium system‘) 
suggested that complete solid solubility occurs 
between y-neptunium and y-uranium, but recently 
the same investigators have shown that there is a 
small miscibility gap between the phases at the 
end. If body- 


centred cubic, it is surprising that such a solubility 


uranium-rich y-neptunium is 
gap should occur, since the size-factor for the two 
phases would be extremely favourable (less than 
1 per cent), whilst in the plutonium-uranium 
system, in which a limiting case of solid solubility 
occurs, +19) the size-factor is considerably greater 
(around 3 per cent). It is possible, however, that 
the neptunium-uranium alloy has become con- 
taminated as a result of the frequent remelting 
necessary to allow one basic alloy to span a wide 
range of compesitions, An attempt has been made 
to determine the structure of the y phase in a 
50:50 neptunium-uranium alloy by quenching 
it from the y field, but this treatment failed to 
the 


room-temperature structure, 


prevent material from transforming to its 


In view of these observations, the authors feel 
that the for 
y-neptunium depends upon finding a method of 


obtaining of a definite structure 
reducing the oxidation at high temperatures, and 


further work will be conducted on this premise. 


Acknowledgement The authors wish to thank Mr. 
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Abstract n the semi-infinit 


te molecular crystal the interplanar distances perpendicular to the 


ume their equilibrium value. By minimizing the energy of the system 


nterpial! 


ar distance increases by 2:5 per cent, the second by 0-6 per cent, 


nd the fourth by 0:08 per cent. It can be shown that this expansion 


infinite crystz 


stal falls off as one over the cube of the distance from 


the surface energy is shown to be only slightly affected by these 


7 
nge in interpiana! 


1. INTRODUCTION 
possible now to determine 


of solids in the 


aetects., He nce, in 


istortions in the vicinity ol 


in the peri dic 
— a ee tigated 
ticai modeis Nave to De investigated. 

; 
can De considere d as 
ilitatively significant, they might aid in 
such problems as how two holes in an 
attract each other, what 


perfect lattice 


configuration of a cluster of holes in a 


1e potential field experienced by a 
ticle in the neighborhood of a hole in 

as a final example, what 
foreign atom is 


| , 
the potentia which a 


surface is 


s ; 
eP a ; 


attracted te how that 


distorted because of the presence of that foreign 


atom. 
The problen 
of its class, namely, the surface effects on a perfect 
semi-infinite molecular crystal. What makes this 
particular problem simple is that the perturbation 
of the surface on the crystal can be entirely charac- 
terized by a variation of the interplanar distances 
normal to the surface. Because of the symmetry 
of this discontinuity, it can be shown that in-plane 
distances between the molecules do not change. 


investigated here is the simplest 


arrangements of 


j 


distances is also calculated for various 


Although in the presence of a single hole in an 
infinite crystal symmetry requirements still restrict 
which intermolecular distances can 


the way in 


relax, the parameters 


number of relaxation 
required to describe the system is much larger. 
A further simplifying feature is that in a molecular 
crystal, as opposed to an ionic crystal, one deals 
with a single species of molecules and with faster 
convergence of energy sums due to the short- 
range nature of the potential. 

The surface effects on a molecular crystal have 
been previously examined.) In that calculation 
only the first interplanar distance was allowed to 
relax. The conclusion was drawn that changes in 
the spacing of further layers affected the surface 
energy by less than 0-1 per cent. This is confirmed 
by the present calculation and, in addition, the 
variation in further interplanar distances will be 
calculated. In previous investigations®*) of ionic 
crystals again only a small number of relaxations 
in distances have been allowed for. Relaxations 
around a vacancy in a molecular crystal has also 


been investigated, @¢-® 


2. THE METHOD 
The model adopted for the semi-infinite crystal 
is that it has a perfectly planar surface, that all 
quantum effects can be neglected, and hence, 
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also all vibrational effects at the absolute zero of 
temperature, and that the atoms are point particles 
interacting with a LENNARD-JONES potential: 


where do/1/2 is the equilibrium interatomic 


distance in the crystal, since (see Fig. 1) for the 





REPEATED TO INFINITY 











Fic. 1. Schematic diagram of semi-infinite crystal with 


various distances marked off. 


face-centered cubic lattice considered the inter- 
planar distance has been taken as the unit of 
distance. It is further assumed that a total energy, 
Er, of the crystal can be obtained by pair-wise 
summation of this potential: 


—Ep I >> V (x13), 


where the summation runs over all possible pairs 
of particles consistent with the lattice under con- 
sideration. The ratio of the constants « to f is 
uniquely determined by the fact that for an 
infinite crystal the total potential energy must be 
a minimum at the equilibrium distance of separa- 


tion. Thus 


(2) 


12. Arex 


913 
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Aje has been calculated 
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where 


x 
aS 
— 

U,Y, 


x 


(x2-y24-22 


ety+z = even. 


(7) to be 0:1895606 and 


Ag to be 1-8067401, so that 
0-1049188. 


The total energy expression for a semi-infinite 
crystal in which the first two interplanar distances 
perpendicular to the surface (z-direction) are 
allowed to change by 6; and 4g respectively, all 
others remaining at the bulk interplanar spacing 
(6; = 072>2), will illustrate the nature of the 
problem encountered (see Fig. 1). If (z+) is 


defined as 


3+0;) de(z+68;), 
6 


- py9\ 


ao | 
bere = (6 
my [x24 y2+(2-+6;)7]" 2 


yt+z = even 


then the energy of the top layer is @ (0) and its 


interaction with the rest of the layers is 


6(1+-6 7 O(z+8),+560). 
(14 Jr 7 ( 1+02) 


9 


Thus the total interaction energy of the first 


layer is 


O(z+61+62). 


6(0)+ | +6;)+ im 


Similarly for the second layer, the total energy is 


6(0)-++0(1-+8;)-+ z 8(z-+8o) 
z=1 


and for the third layer 


6(0) + 0(2+-8; +82)+0(1+52)+0(1)+6(2)+ .... 
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The fourth and all subsequent layers have the 
same form of the interaction energy, and thus for 


the N+Ist layer 


(0) +0(N+61+62)+0(N—1+62)+ 


+6(N—2)+ ... 0(1)+60(1)+0(2)-+ .... 


contributions for all the layers 


1 the second is then 


'—5)A(1)+(2N—6)6(2)+ ... 


as (N—2)+(N—3)@(1)’s occur and 

4)6(2)’s &c. Adding the first two 
layers and taking the limit of an infinite system 
yields then twice the total energy of the semi- 


infinite crystal, Er. 


2S Os+i+52)+2 > O(2+52)+ 
— 


z=2 z=1 


x 


+20(1+5:)+ lim [N6(0)+2N > 6(2)— 


N 
z=1 


> (6) 


~~," (2+4)A(z)], 
hat 
z=] 
where the explicitly written-down series in 
equation (5) has been rewritten as the last two sums 
in equation (6). 

It is this expression for the total energy which 
has to be minimized with respect to 6; and 4 
in order to obtain their equilibrium values. This 
minimization results in this case in two simul- 
taneous equations which have to be solved numeri- 
cally. Once these simultaneous equations have 
been solved, the 6 values can be substituted into 
equation (6) to obtain the total energy of the 
semi-infinite crystal, and perhaps more interest- 
ingly the surface energy, Es, can be evaluated. 
The surface energy is defined as one-half the 
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energy required to split an infinite crystal (of 
total energy E77”) into two infinitely separated 
semi-infinite crystals. 


Es = }(Ep”®—2E7). (7) 


Ev” can be evaluated by summing layer energies 
as was done for the semi-infinite crystal. Each 
layer has an energy 

6(0)+26(1)+26(2)+ ... 
and since all layers are equivalent, twice the total 
energy for a crystal of 2 layers is, in the limit of 
an infinite crystal 
24 
lim 2N{[@(0)+2 > 0(z)]. 
N-« ; 


z=1 


<a 2E 7 


2N layers have to be considered, since this 
crystal is split up into two semi-infinite crystals 
of N layers each. According to the definition in 
equation (7) and by the use of equations (6) and 


(8), 


—E; J 


S 26(2)+ > [6(2)—(2-+61+82)]+ 
z=] Z2=2 


x 


+ > [&(z)—0(2-+82)]-+[6(1)—4(1+81)], 
z=1 


(9) 


where the sums have been arranged for calcu- 
lational convenience to take advantage of difference 
procedures. When 6; and 382 are zero, that is when 
all interplanar distances are the same as in the 
bulk crystal, the surface energy reduces to 


as previously derived,™ and the further terms in 
equation (9) represent the correction to the 
surface energy due to the relaxation of the surface 
layers. Since the surface energy and the total 
energy of a semi-infinite crystal differ only by a 
constant (see equation (7)), it would have been 
equally justified in a minimization procedure to 
use the surface energy expression. 
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3. CALCULATIONS 

Because the surface perturbations destroy the 
periodicity of the lattice, the elegant mathematical 
methods to evaluate lattice sums become in- 
applicable. In the minimization process of the 
total energy (equation (6)), the basic term that is 
needed is the derivative of @ with respect of 6 
and that involves 


—n(z+6;) 


C bn(z+5;) 


00; X24 y2-4 (z-+4+6;)? |” 241° 


(10) 


No matter how many different interplanar 
distances are varied, the simultaneous equations 
for the solution of the 8’s are all of the same form. 
The summations over z of 6 start at different 
values and different sums of 6 occur. Hence one 
way to proceed is to evaluate 


(11) 


for the first few intergers in 7 and a series of values 





(First layer) 


i ei a set 
$6(1+9) fi+(1+8)7 
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of 6. This was done with the aid of an IBM 650 
electronic computer for z between 1 and 20, 
taking every value of 7 between 1 and 10 and every 
other value between 10 and 20. The values of 6 
computed ranged between —0-09 and +0-09 in 
steps of 0-01 and a few additional values near 
the equilibrium solutions for the various 6’s. ‘The 
range in x and y was determined by x?+y?<6400 
and z ranged up to 80. The results are tabulated 
in Appendix II of UCRL report No. 5502-T. With 
these sums the calculations were carried out in a 
step-wise manner by allowing variations in the 
first interplanar distance, then in the first and 
second interplanar distance, &c., up to a maximum 
of five interplanar spacings. To solve the simul- 
taneous equations for the 8’s, a process of iteration 
was employed using Newton’s method to inter- 
polate the tabulated (0¢n/05;)’s. In these equations 
the same combination of « and f as in equation 
(3) occurs. 

An alternative procedure, making use of the 
fact that the 8’s are small, is to expand @ in powers 
of 5. The coefficients of the powers of 6 in this 
expansion were again obtained by machine 
methods. In this case the summations were again 
carried out over a cylinder but determined by 
x?2-++y2<1800 and z ranged up to 51. The results 
were as follows for the first four layers: 


+0-0469605 —0-04143585 + 0-005430662+ 


+0-012002853— 0-007704954+ 0-00026598+ ... , 


where the dominant first term was not expanded in ‘Taylor series. 


(Second layer) 


o(2+5) = 0:0496600—0-1015312540-132793682— 
—0:143435853-+ 0-140309054—0-1108712554 ... 


(Third layer) 


$6(3-+5) = 0-0096938—0-01291675+4-0-010742552— 
—0-00712616+ 0-004112654—0-06614486°-+ ... 


(Fourth layer) 


e(4-++8) = 0-0030677—0-00306803-+0-001917682+ 
+0-00095908? + 0-000419884—0-00507648°+ ... . 
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‘t of the potential the corresponding terms are: 


byo(1+-0) 


[1 -- | +0) 
+0-000229682-+-0-000046458—0-000167854+- ... 


+0-0001768—0-00034885+ 
i 


0-0003477 —0-00185826+0-005547767— 


—0-012199383+-0-021990454+ ... 


0-0000053 —0-00001758+-0-0003 18482 


—0-000418383+-0-000443464++ ... 


10(4+5) 0-0000003 —0-00000076+0-000011282— 


—(-000010358+-0-000008484++ ... . 


expressions plus the additional density per unit volume for a face-centered lattice, 
mainder of the layers, the total and since the integration is over a continuous 
be formed as given in equation medium, the atoms have been spread over half 
tion can be carried out explicitly layers, accounting for the half interger limits. 
solved for. The result for 2 = 6 for R is 5-45 10-9, so that 
give essentially the same results, seven significant figures are justified. For the 
rences being accounted for by the numerical values of 6 only six decimal numbers 
x,y and zin terminating are given, since the solution of the simultaneous 
ried out to eight equations incurs further errors. 

are given to The functions dj. and dg have been tabulated in 
figures because of round-off order to evaluate the surface energy once the 
nachine. The remainder, R, due to 4’s are known, The values are given in Appendix 
at 80 instead of infinity in I of the UCRL report #5502-T for the same 
0, can be estimated by values of 7 and 6 and for the same range of x, y 
and z as the derivative of that function. From the 
values at 6 = 0), it is possible to check on the 
calculation by evaluating Ajo and Ag (equation 
(8)). Ajo came out to be 0-1895606 and Ag 
1-8067405 after the correction for the remainder 
had been added on to the latter value (2-92 x 10-6), 
The agreement is within the seven significant 

figures expected. 
The remainder for the surface-energy expression 
“" due to terminating the sums at 80 is considerably 
.e first term is the contribution due to larger. The slower convergence of this expression 
neglect of terms outside the cylinder x24+ due to the extra power of z in the numerator leads 
y?<6400 and the second term represents the to a remainder value for the attractive term of 
erms in the cylinder x2+y2<6400 but above 9-089x10-5 at 6 = 0. Hence the surface energy 
z = 80. The factor of 4 in front represents the is given only to five significant figures, although 


i 3 
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the correction to the surface energy due to the 
relaxation of the surface layers are more accurate 
since they involve differences. 


4. RESULTS 
The results of these computations for the normal 
face-centered cubic crystal with the surface in 
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values of 6 of the surrounding layers, no qualitative 
error shall be incurred if it is assumed that all 
8’s are zero except the one under consideration, 
dn, deep in the crystal. For such a model of a 
semi-infinite crystal the part of the total energy 
which depends on 8, U can be written using 
identical considerations as in equation (6) as 


Table 1. The differences in surface energy, AEs, and in distances between crystal planes, 5, of a semi-infinite 
crystal where successive planes from the surface are allowed to assume their equilibrium distances and of a 


perfect semi-infinite crystal [(Es/Er” = 0-44813] 


2 





0:025496 0 

0-025766 0-005792 0 
0:025780 0-005885 0-001937 
0:025782 0:005891 0:001977 
0-025782 0-005892 0-001981 


the 100 plane are shown in Table 1. The results 
agree with the previous calculation®) when one 
surface layer was allowed to relax for both the value 
of 5 and the surface energy. The surface energy is 
given in units of the total energy of the infinite 


crystal by taking advantage of the relation in 
equation (3). The effect of surface-layer pertur- 
bations on the surface energy is less than 1 per 
cent. As deeper layers are allowed to relax, only 
small changes in the surface energy result and the 
change in surface energy, due to the variation of 
deeper layers, rapidly converges to a constant 


value. 

Also, the perturbation in the first interplanar 
distance rapidly approaches a constant value as 
deeper variations are considered. It is seen that 
the value of a given layer separation is affected 
only by the value of a few interplanar distances 
surrounding the two layers under consideration. 
However, the perturbations of the interplanar 
distances themselves decrease only relatively 
slowly with distance into the crystal from the 
surface. In fact, it can be shown analytically that 
the value of 5 falls off as the inverse cube of the 
distance to the surface, rather than exponentially 
as sometimes thought. 

Since the value of 5 for a given interplanar 
spacing seems to be affected only slightly by the 


0-003723 

0-:003929 

0 0-003952 
0:000829 0:003957 
0:000849 0-003958 


(the constant terms will drop out in the mini- 
mization process anyway): 


“x 


p2 0(z+8n)+ > O(z+8n)+... ba A(z+9n) 
1 z=2 


z nN 


n 'o4 


az 20(z+5n)+n »3 H(2+6n). 


z=1 n+1 


(14) 


Differentiating this expression with respect to 
5» (indicated by primes) results in the following 
equation to be solved for the equilibrium value 
of dn, 

n x 


> 26(e+5n)+n > 0'(z+6n) = 0. 


z=1 z=n+1 


Since 5, is small, a linear Taylor expansion in 
5» is justified resulting in 


n K 


> 20(@)+0 > oe 
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In the case that the single perturbed interplanar Hence, by rearranging the first term in equation 
distance is infinitely deep inside the crystal, it is (15), the expression can be rewritten as 


surely true that 


- Co x 
lim on —> 0. 3 a 
no —_ 30 (3)-+n S (2 
‘ hound hmm 
I nat case also n z=n+l1 
lim U= lim »" s0(z+5,). mn a 
| i 2 -3| Seen ¥ 0 
. homed —/ 
; - 1 z=n+l1 
Thus his limit it can be shown that 


Since m is large, the errors incurred by replacing 
. the sums by integrals (see remainder calculations) 


l lim s4'(z+0»y) 0) os . 

an will be small except in the term where the sum- 
mation starts at one. In that case the first four 
terms were evaluated by using the numerical 
: series in equations (12) and (13) and from then 
S 262) = 0. on in the integral representation was used. 






‘I 


Utilizing the constant of equation (3), the following 






Table 2. The differences in distances, 5, between crystal planes of a semi-infinite crystal 
where the first four planes are allowed to assume their equilibrium distances and of a perfect 
crystal constrained at various intermolecular separations including the equilibrium one ( first 
row). The first column gives the volume relative to the equilibrium volume for the 


various cases. 









U/VO0 oF | 02 03 04 





1-000000 0-025787 0-005897 







0-001980 0:000832 

























0-926179 0:078152 0-:059997 0-055899 0:052290 
0-931310 0-074342 0:056047 0-051979 0:048571 
0-936414 0-070584 0-052155 0-048113 0-044898 
0-941489 0-066876 0-048318 0-044299 0-041269 
0-946537 0-063214 0-044533 0-040534 0-037682 
0-951558 0-059597 0:040796 0-036814 0-034135 
0-956554 0-056022 0-:037106 0-033139 0-:030626 
0-961521 0-052489 0:033459 0-029505 0-027155 
0:966467 0:048995 0-029854 0-025910 0:023720 
0:971384 0-045539 0-026288 0-:022352 0-020318 
0-976279 0-042119 0-022760 0-018831 0-016950 
0-981147 0-038735 0:019267 0-015343 0-013615 
0:985994 0-035384 0-015809 0-011889 0-010310 
0-990814 0-032066 0:012383 0-008465 0-007035 
0-995612 0-028780 0-008989 0-005072 0-003789 
1-000387 0-025524 0-005625 0-001708 0-:000572 
1:005139 0-022298 0:002290 —0:001629 —0-002618 
1-009869 0-019100 —0-001017 —0-004938 —0-005782 
1-014579 0-015931 —0-004298 —0-008222 —0-008919 
1-019264 0-012788 —0-007552 —0-011481 —0-012032 
1-023929 0-009672 —0-010782 —0-014716 —0-015120 
0:028573 0-006581 —0-013987 —0-017927 —0-018184 
1-033195 0-003515 —0-017169 —0-021116 —0-021225 





0-000473 —0-020329 —0-024283 —0-024243 





037798 
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Table 3. Comparison of the intermolecular distances between nearest neighbors in two adjacent 
planes in the first four surface layers for the constrained (indicated in the first columns by the 
volume relative to the normal volume) and the equilibrium lattice. 


)/V0 ai2 a23 


1-434846 
1-432564 
1-432146 


1-421578 
1:418389 
1-417510 


0:926179 
1-000000 
1:037798 


value of 5, resulted keeping only the leading 


power in m in the numerator and denominator 


21-8n3 


The values of 6 in Table 1 indicate that 


¥ 
On for n 
my 2 
19-7n3 


represents the average fall-off of the 8’s with 
distance from the surface very well. The difference 
between these two can be accounted for if neigh- 
boring interplanar distances in the interior are 
allowed to relax also, since, as Table 1 shows, the 
value of 6 is too small if these neighboring layers 
are kept at the bulk interatomic distance. 

Values of the first four interplanar separations 
were also computed for various crystals which 
are uniformly constrained under pressure or 
tension. In that case the constant used in equation 
(3) is no longer applicable, and the new equilibrium 
bulk interplanar distance, ao’ can be calculated 


from 


aps —-0-1049188 


. C 
ao 


where C is the new value of the constant assumed 
in the calculation. The results are given in Table 
2 and show that the 8’s change greatly as the 
material is either compressed or expanded in- 
cluding even negative values of 6. 


a34 a45 


1-378521 
1-414214 
1-431812 


1-415978 
1-414802 
1-414773 


1-418598 
1-415614 
1414746 


This is misleading, however, since if the inter- 
planar distances are allowed to relax near the 
themselves so that 


brium 


surface, they should adjust 
the interatomic distances are near the equili 
That 


Table 3, where the interatomic distances 


value. this is indeed so is illustrated in 


between 
atoms in adjacent planes are calculated for the 
normal crystal in the first four layers and also 
for the most compressed and expanded crystal 
considered. It is seen that these interatomic 
distances for a given layer are very nearly in- 
dependent of the degree of distortion, The in-plane 
interatomic distances are not allowed to relax, 
and hence they are unchanged from those in the 
interior crystal as given in the last column of 
Table 3. As might be expected, the compressed 
crystal has slightly larger perturbations than the 
normal crystal because the larger repulsive forces 
cause the outer layers to be pushed out even 
further. For the expanded crystal the opposite is 
true, and it is interesting to note that aq; is larger 
than agq4, since the value of aj; eventually must 


approach the value it has in the interior. 
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INFRARED REFLECTIVITY OF ZINC OXIDE 
R. J. COLLINS and D. A. KLEINMAN 
Bell Telephone Laboratories, Murray Hill, New Jersey 
(Received 4 March 1959) 
Abstract—The refle« ctra of single crystals of ZnO were studied between 1 and 45,. In 
es with free-carrier concentration below 10/6 cm the usual reflection spectrum of an 
cryst is observed. An excellent fit to the data is achieved by using a value of the high- 
‘ eC ‘ ant €0 2:0 static dielectric constant e, 8-15, and a transverse 
e frequ 414 cm The contribution to the optical constants by the free 
é significa the reflection spectra for carrier concentrations larger than ~1 
) { method similar to that of SPITZER and FAN an effective mass of m* 0:06 “i 
The reflection of ZnO containing carriers can be fitted remarkably well over Qc 
r¢ 45 by the « he for free carriers and a lattice oscillator. The effective charge 
site defined | SZEGETTI, is found to be q* 1 -O6e. 





1. INTRODUCTION 


IN years optical measurements have been 
ust i ie study of semiconductors to gain 
knowledge concerning: wid energy gap, 
eflective mass of carriers, shapes of energy bands, 
a ietal f shallow imy ty levels. The results 
of such studies in germanium, silicon, and A!!! 
BY compounds have been discussed in review 
articles most r tly by Fan and Hrostowsk1™), 
The oxides, and in particular zinc oxide, have not 
rect as n uch attention as the valence semi- 
Cc ictors irgely duc to the lack of single 
crystals of trolled impurity content. Work at 
this laboratory on the preparation zinc oxide 
by D. G. THomas and J. J. LANDER has now reached 
the point where optical expe riments are feasible. 

TI nfrared reflection spectrum of ZnO was 
observed by STRONG®), using natural zincite, and 
PAROD! using evaporated films. In both cases 
residual-ray monochromators were used which 


gave widely spaced points and only qualitative 
of tl In to the 


ae 
ne aadition 
ctivity, TOLKsDORFF®) (also using evaporated 


values reflectivity. 


refi 

films of ZnO) reported the transmission spectra 
] 20. Her dé 

number of bands that are 

] 


nd r 


ita showed a large 
} 


if 


between a 


not observed in the 


single-crystal data in this paper. Based on the 
work of STRONG, PARODI and ‘TOLKSDORFF, an 


estimate of the transverse optical mode frequency 
of 343 cm-! was made by KROGER and MEYER®), 
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In the present paper the absolute reflectivity of 


crystals with different concentrations of 


~ 1 
single 





free charge carriers in the range 1—~40y are given. 
From the 


quencies, the effective charge per ion site and the 





data values for the optical mode fre- 






carrier mass will be found. Also a slight modi- 





fication of the Spitzer and FAN) susceptibility 





method for determining the effective mass will 





be discussed. 





2. EXPERIMENTAL 
The reflection spectra were taken on single 
(a) 
crystals grown in our own laboratory in the form 
ribbons (~1-0x 0-10-01 cm) and used both 






crystals of zinc oxide from two sources: 






yi 





in an “as-grown” condition and after being 





etched in HF, and (b) samples obtained from the 
cinder piles of the New Jersey Zinc Company 





and optically polished by conventional methods. 
Most of the crystals obtained from either 






source contained a sufficiently high electron 





concentration to affect the reflectivity. Free-carrier 





effects, however, could be reduced to a negligible 






value by the diffusion of lithium, which acts as 
an The lithium was 
accomplished by allowing a solution of lithium 





acceptor. introduction of 







hydroxide to dry on the crystal surface, followed 
by baking in air at 700°C for 1 hr. For the samples 
used in the determinations, 
where some control over the carrier concentration 






free-carrier mass 
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was desired, indium was used as the impurity. 
In this case a similar diffusion technique was 
used which differed only in that the baking 
temperature allowed the amount of indium in the 
sample to be controlled. Following the diffusion 
process, the thin ribbons were etched to remove 
surface contamination and the larger crystals 
were ground and polished. In the case of the 
indium-doped samples, several microns had to be 
removed before steady-state surface conditions 
were reached. The actual carrier concentration 
was found from Hall-effect measurements. Cur- 
rent contacts to the ends of the sample were made 
with pools of gallium, and the Hall probes were 


pressure contacts of phosphor-bronze wire. 

The reflectivity measurements were made with a 
double-pass Perkin-Elmer monochromator equip- 
ped with prisms of NaCl, KBr and CsI. A toroidal 


mirror was used to form a 1 : 1 image of the exit 
slit in the plane of the sample with the center 
ray 8° from the normal. The reflected beam from 
the sample or the reference, a freshly evaporated 
aluminum film, was then imaged onto a wide- 
area thermocouple. Previous measurements had 
shown that the absolute reflectance of a fresh 
aluminum film is >96 per cent in the wavelength 
region of interest. As could be expected from the 
small size of the energy limitations in 
the far infrared made the measurements some- 
what uncertain. It was not possible to employ 


samples, 


microscope optics to alleviate this situation, 
since reflectance measurements should be made 


at a well-defined angle of incidence. 


3. LATTICE REFLECTION 


The dominant feature in the reflection spectrum 
of an ionic crystal is the residual ray band of the 
fundamental lattice absorption. According to the 
Lorentz, the 


classical dispersion theory ®) of 
the 


susceptibility y and the conductivity o of 
lattice are given by: 
Noe? vo2-—1 2 
Xx 9 9 9 9 9 (1) 
4n°M (vp? —v)°+y*v? 


and 


r 9 , < 
Noe? 2ryv" 


4n2M (vp2—v?)2+- 22 


where No is the ion pair concentration, M the 
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reduced mass of the oscillator, y the width of the 
resonance at half maximum, and vo is the resonance 
quantities and the high- 


frequency. These 


frequency dielectric constant, ¢€ 9, completely 
determine the optical constants m and k, and the 


reflectivity R through the expressions: 


observed reflec tivi 


The 


oxide for unpolarized light i: 


Reflectivity of single crystal ZnO 


Fic. 1. 


Fig. 1. The solid curve is calculated from the 


parameters 


Noe ~ 


3-1 1011 sec-] 


and 

Vo 414 cm-l(Ag 24-2 p). 

For the trial-and-error method of selecting the 
best values for the three parameters, the equations 
were programmed for an IBM 650 calculator. It is 
clear from the agreement in Fig. 1 between the 
data and the calculated curve that the estimate 
of KROGER and Meyer) for the ZnO residual-ray 
frequency of 343 cm™! was too low. The value 
of the static dielectric constant corresponding to 
the theoretical fit is es = 8-15, which compares 


with the value of 8-5 measured at lcm by 


HuTson(), 
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Since zinc oxide has the wurtzite structure, it 
would be expected to have two distinct lattice 


Using light polarized along (extra- 


frequencies. 
ordinary ray) and perpendicular (ordinary ray) 


to the c-axis, these two frequencies are separately 
excited. These experiments showed only very 
slight differences, the shift being less than 0-lp, 
and frequencies are nearly equal. 
According to the Lyppange—Sacus—TELLER”®) 
relation, the longitudinal optical mode frequency 


hence the 


1S 


The effective charge per ion site can be deduced 
from the parameters of the resonance by means 


of the SziceTT1@) relation: 


which gives g* = 1-06¢e. 

In the lattice absorption of an ionic crystal the 
first-order and strongest absorption will take place 
at the transverse optical frequency and second- 
order or two-phonon processes will take place 
between branches of the 


with combinations 


apoman | 


RAL PARAMETERS 





;. 2. Lattice absorption spectra of ZnO. 


and D. A. 
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optical modes or between one optical and one 
acoustical mode. Fig. 2 shows the lattice absorp- 
tion spectrum of ZnO. The points from 6 to 
14 represent data obtained from transmission 
measurements on thin samples, while the points 
at longer wavelengths are calculated from the 
residual-ray band reflection. Aside from the main 
absorption at 24-:2u, only two strong absorption 
lines are present in the spectrum of zinc oxide, 
one at 11-4 and the other at 10-2. 'The assign- 
ment of twice the transverse optical mode for the 
11-4 band and the combination of the transverse 
optical and longitudinal optical for the 10-2u 
band is suggested. Higher-order combinations 
are probably present, but will be of a much lower 
magnitude. In the early work of 'ToLKspoRFF) 
on evaporated films of zinc oxide, many bands 
were present not the 
single-crystal specimens, and speculation on their 
origin would not be fruitful. The reflection data 
STRONG’) obtained from natural zincite, although 


which were observed in 


not in complete agreement with our own work, 
probably differ only because of the effect of 
carriers in his samples. 


4. FREE-CARRIER EFFECTS 

The presence of free charge carriers affects 
both the real and imaginary parts of the index of 
refraction. In valence semiconductors, i.e. ger- 
manium and silicon, the free-carrier absorption 
has been studied in detail both theoretically and 
experimentally, with the result that no present 
theory seems adequate to allow measurement of 
the effective mass from absorption data. SPITZER 
Fan(6) showed, however, that under the 
condition wr>1 a value of effective mass could 
be deduced in a straightforward manner from the 
free-carrier susceptibility without knowledge or 


and 


assumptions concerning the relaxation time. Using 
the values of susceptibility determined from 
absolute reflectivities, they obtained effective 
masses for carriers in germanium, silicon, InS, 
and InAs which are in good agreement with the 
cyclotron-resonance values. 

In the case of zinc oxide the free-carrier absorp- 
tion has been reported?) with marked deviations 
from theory and therefore cannot be used to 
determine the carrier effective mass. The sus- 
ceptibility method can be applied, however, 
if enough carriers are present to produce a 
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well-defined minimum in the reflectivity. If the 
minimum reflectivity is very low, the extinction 
co-efficient k is very small, and the reflectivity 
minimum therefore corresponds to the condition 
n(A) = 1. The contribution of the carriers to the 
susceptibility y may be found from equation (1) 
by setting vo = 0 and interpreting No as the 
carrier density, M as the carrier effective mass, 
and (2zry)-1 as the carrier relaxation time 7. There- 
fore if No is known from independent Hall- 
effect experiments, the effective mass can be cal- 


culated from the position of the reflectivity 


minimum by the relation: 
e2NoA* min , 
m* (4) 
a(e—1)c? 
It is not essential to measure accurately the 
absolute reflectivity, which may be difficult at 
low reflectivities. 











| 
| 
; 
| 
| 
| 
3 


WAVELENGTH IN MICRONS 


Reflectivity of ZnO containing 5 x 10!® electron 
~ 3 
cm?, 


Fic. 3. 


Fig. 3 (points) shows the reflectivity of an 
indium-doped sample of zinc oxide containing 
5-0 x 1018 electrons/cm*. The reflectivity has been 
modified by the carriers even in the region of 
the residual-ray band. From the minimum at 
6:04, the point where the susceptibility of the 
carriers has caused the total dielectric constant 
to equal unity, one calculates m* 0-06 m. For 
one sample it was verified that the reflectivity 
the minimum 


obeys the classical equations for w7>1. 


on the short-wavelength side of 


N 
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Experiments in which the light was polarized 
parallel and perpendicular to the c-axis revealed 
differences in the carrier mass which were not 
significantly larger than the experimental error. 

In principle, to calculate the total reflection 
from an ionic lattice containing free carriers, a 
knowledge of the wavelength-dependence of each 
dispersion mechanism is needed. For zinc oxide 
the lattice dispersion seems to be well accounted 
for by the classical relations (1) and (2), but the 
free-carrier contribution is not so well understood. 
However, the simplest assumption which can be 
made for the carrier absorption is a constant 
relaxation time, which leads to equations of the 
form of (1) and (2) with vo 0. In this model 
the only adjustable parameters for the 
carriers are the effective mass and the relaxation 
time. Fig, 3 shows the calculated reflectivity for a 
sample containing 5 x 1018 carriers/cm? with the 
effective mass as determined above and for two 
values of relaxation time. The fit obtained for the 


free 


shorter relaxation time is quite good over most of 
the range. It is interesting to note that a long 
relaxation time 7 = 1-2x10-!sec gives a very 
good fit on the short-wavelength side of the 
the 
wavelength side, suggesting that near the fre- 


minimum, but fails completely on long- 
quency of the minimum an additional relaxation 
process may become effective. The same type of 
change in relaxation time has been observed 
~40 for a sample containing 3-7 x 10!” electrons 
cm?, 

At low frequencies the coulomb field of carriers 
in an ionic crystal causes a polarization of the 
lattice to accompany the carrier; the combination 
of carrier and polarization is called the polaron. 
The polaron effective mass“*) my, is given in terms 


of the bare electron mass m* by: 


My = m*(1+«/6) 
where 
e2— m* 


h | 4h. 


E0Es m* 


is the coupling constant between the carriers and 
the lattice. Since the coupling of the electron to 
the lattice responsible for the takes 
place through the longitudinal optical mode, the 
v, and the 


polaron 


polaron mass will be observed for v 


“bare” electron mass for v>v;. Unfortunately, 
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zinc oxide does not offer an easy way of checking the points show the measured reflectivity of the 
his prediction, since an « 0-5 will produce sample, and the solid curve is the calculated 
nly ~8 per cent increase in effective mass on _ reflectivity. 

passing through yj. 
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Abstract—The adsorption of various gases on clean germanium surfaces has been investigated. 
At room temperature and for (p/p,) <5 * 10-%, the gases found to be adsorbed were H2O, CH30H, 
(CH3)20, CHsCOOH, (CH3)2CHCHeNHe, CsHsN, and p-dioxan, while He, Ne, CO, CO2, CHa, 
CeHa, CCl4, CHCls, (C2Hs)20, CeH6 and CeHsCl were found not to be adsorbed within the limits 
of our experimental error. For those gases that were adsorbed, the adsorption was extremely rapid, 
and the extent of take-up was equivalent to about a monolayer coverage. 

The various classes of adsorbent-adsorbate binding forces have been examined with a view to 
identifying the type of binding force predominant in the adsorption. For HzO, CHs0H, (CH3)20 
in its enolic modification, CHsCOOH, and (CHs)sCNHg, electrostatic interaction between the 
permanent charge distributions of the adsorbent and the adsorbate was found to account for ad- 
sorption; the nature of the binding for these systems can be described as a form of “hydrogen 
bond’’. The adsorption of pyridine and p-dioxan cannot readily be explained on the basis of a 
simple classical electrostatic interaction picture. The non-adsorption of the gases listed above is 
shown to be expected if only classical electrostatic interaction is considered. However, it is not 


suggested that this electrostatic criterion is by itself the only criterion for non-adsorption. 


1. INTRODUCTION 

IN recent years several groups have studied the 
adsorptive properties of clean germanium sur- 
faces. The reported results are, in some instances, 
contradictory and have been confined to a few 
gases only. It seemed to us that a broader study 
should be made of the surface chemistry of ger- 
manium, and that not only the “permanent” 
gases and water, but also a number of the more 
common organic compounds merited attention. 


(a) Preparation of clean surfaces 


The cleanness of the adsorbent surface is of 


extreme importance in adsorption studies (cf., 
e.g., adsorption on tungsten“), and germanium is 
no exception, Other workers have prepared ger- 
manium surfaces for adsorption studies in various 
ways. Law?) used the flash filament technique in 
which a germanium filament, previously treated 
with C.P.4 etch,® was heated electrically for 
short periods at 800—900°C in a vacuum system. 
This technique is probably ineffective as a 
cleaning method, since KaraLas@) was unable to 


measure any oxygen adsorption on etched ger- 


manium after many hours’ heating in vacuum at 
800°C, and furthermore SCHLIER and FARNS- 


WORTH) did not obtain surface electron-diffrac- 
tion patterns from etched germanium which had 
been heated for 24 hr in vacuum at just below the 
melting point. FARNSWORTH and _ co-workers‘® 
have produced clean germanium surfaces, as 
evidenced by electron-diffraction patterns and 
oxygen adsorption,‘%) by a combination of argon- 
ion bombardment and high-temperature annealing. 
DeL_L®) has produced clean germanium surfaces 
by reducing germanium dioxide with hydrogen 
and has substantiated his claim for their clean- 
ness by oxygen-adsorption studies. GREEN et al.(10) 
produced virgin germanium surfaces by crushing 
crystals of germanium in an all-glass vacuum 
system, and the cleanness of the surfaces produced 
was substantiated by the fact that both the 
kinetics and extent of oxygen adsorption were the 
same for either crushing in the presence of oxygen 
or crushing in vacuum with oxygen being admitted 
some time later. 


(b) Previous adsorption studies 

Gases, other than oxygen, whose adsorptive 
properties on germanium surfaces have been 
studied are: 

Hydrogen. SCHLIER and FARNSWORTH) observed 


195 
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the adsorption of a monolayer of hydrogen in the 


presence of a hot tungsten filament (i.e. atomic 


hydrogen present), and no adsorption in the 
absence of a hot filament.@112) Law®) measured 
the adsorption of ~0-05 of a monolayer at 300°K 
hot filament present). DELL™) could detect no 
hydrogen adsorption at room temperature (i.e. 
10-4 of a monolayer). 
Nitrogen. Law) has reported the reversible 
adsorption of nitrogen. At a pressure (p) of 10-4 
mm Hg and a temperature (7) of 195°K, (this 
corresponds to (p/ps)7 = 3 X 10~’, where ps is the 
saturation vapour pressure at 7K) adsorption to 
the extent of 0-03 of a monolayer was found. 
Carbon Dioxide. LAw‘?) measured the reversible 
195 and 300°K; for the latter 
temperature at p = 2xX10-4mm Hg, (p/ps)7 
5x 10-%, the coverage was 0-008 of a monolayer. 


Monoxide. Law‘) observed 
and 300°K. At the higher tem- 
10-4 mm Hg, the coverage 


adsorption at 


Carbon reversible 
adsorption at 77 
perature and at p 
was about 0-007 of a monolayer for (p ps)r 
10-11, DeL_L®) on the other hand, could measure 
no adsorption (1.e. 10-4 monolayer) on either 
bare or partially oxygenated germanium surfaces 
at 300°K at p 4x 10-4 mm Hg or at p 0-3 
mm Hg. 
Krypton. 
extensive 
krypton on germanium powders produced by 


has carried 


the 


ROSENBERG(13-14 out 


measurements of adsorption of 

crushing. Typical physical adsorption isotherms 
were obtained at 78°K. 

Water. The adsorption of water on what was 

germanium 

has Law(16), 

ig localized binding of water to germanium 


probably a partially regenerated 


been investigated by 

found up to monolayer coverage, and multi- 
layer physical adsorption was observed over the 
range of (p ps)r-s30°c from 0-1 to 0-9. 

Only for oxygen interaction with germanium 
surfaces is there substantial agreement amongst 
different workers as to the kinetics and extent of 
al.29), WoLtsky®), 


is clear that this 


(ct. (GREEN et 


SPARNAAY(@”)), It 


adsorption 
DELL™) and 
situation does not prevail when other germanium 
gas systems are considered. Of the work quoted 
above, that of Law‘?) concerning No, CO, and CO2 
must be regarded with suspicion, since it is 


unlikely that Law had a clean surface. 
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Scope of the present investigation 

The interaction of clean germanium surfaces 
with a variety of gases was investigated. ‘The 
conditions under which the experiments were 
carried out were such that the extent of physical 
adsorption was insignificant and only adsorption 
involving strong adsorbent—adsorbate interactions 
was observable. Various adsorbent—adsorbate 
forces are considered with a view to explaining the 


observed adsorption phenomena. 


2. EXPERIMENTAL TECHNIQUE 

The single-chamber method of GREEN ef al,“ 
was Closely followed. A wafer of germanium was 
crushed by a magnetically operated glass-encased 
iron drop-hammer in the presence of a known 
quantity of the gas being studied. The vacuum 
system was a conventional one with a rotary oil 
pump, a mercury diffusion pump, and a trap 
immersed in liquid nitrogen. After the usual 
bake-out procedure, the vacuum system could be 
pumped down to better than 10-*mm Hg. The 
pressure-measuring device was a thermistor bead 
operating as a non-linear Pirani gauge. For the 
“permanent” gases which do not attack mercury, 
the calibration was against a McLeod gauge. For 
condensible vapours, the control of the vapour 
pressure* and calibration of the thermistor was 
effected by varying the temperature of some of 
the liquid contained in a side arm. An acetone- 
solid COs bath was used for this purpose. The 
in this study was 


experimental method used 
20 mm 


limited to substances with (ps)r=25°¢ 
Hg. The reason for this limitation is that the 
centres 
0-1mm Hg, and it is that 
5x 10-8 if significant physical ad- 


useful range of the thermistor gauge 


around necessary 


(Pp pPs)r=25 

sorption of the gases studied is to be avoided. 
The experimental sequence was as follows: The 

sample chamber was filled to the desired pressure 


*Vapour-pressure data were obtained from the 
following sources: International Critical Tables Vol. 3. 
McGraw-Hill, New York (1928); TIMMERMANS J., 
Physico-Chemical Constants of Pure Organic Compounds 
Elsevier Publishing Co., New York (1950); and directly 
from the literature via references given by STULL D. R., 
Industr. Engng. Chem., 39, 517 (1947). 

The vapours used in this study were assumed to be 
essentially monomeric at the pressures employed; this 


is consistent with the available thermodynamic data. 
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(0-1-0-3 mm Hg) with the gas being studied and 
then sealed off from the rest of the apparatus. ‘The 
germanium wafer was crushed and the pressure 
recorded as a function of time. 

This technique requires that the surface area 
of the germanium powder be known. We thought 
it likely that the crushing procedure could be 
standardized so that a more or less constant 
surface area could be produced for each experi- 
ment. To this end, several trial experiments were 
performed with oxygen as adsorbate, since the 
kinetics of the interaction of Os with crushed 
germanium have been extensively investigated. 
Using germanium wafers of a uniform size (squares 
7x7x0-7 mm) and a standard crushing pro- 
cedure (i.e. constant drop height and a fixed 
number of strokes of the hammer), the surface 
areas produced were approximately the same. 
Three experiments yielded surface areas of 71, 
74 and 68 cm?2, as estimated from Oz adsorption. 
Two other runs using germanium from another 
crystal gave 70 and 73 cm?. Thus a surface area 
of approximately 71 cm? can be produced by this 
technique to an experimental accuracy of about 
+5 per cent and an absolute accuracy of about 
+15 per cent. Crushing a germanium square 
about one-half the size of those described above 


produced ~50cm?. However, the larger wafer 
size was used in all the experiments described 
in this paper. 

The germanium used in all the experiments was 


cut from a 2:4-Q-cm n-type single crystal. Before 
being introduced into the sample chamber, the 
wafers were boiled in distilled water for 15 min. 
The volume of the sample chamber was deter- 
mined at the end of each run by measuring the 
volume of water required to fill it; typically it 
was 25cm, All adsorptions were first carried 
out at room temperature (25+2°C). Some systems 
were later heated to 100°C in boiling water if no 
reaction occurred at room temperature. ‘The 
amount of gas adsorbed could be determined to 
about 1 per cent accuracy, assuming that the 
vapour-pressure data were sufficiently accurate. 


3. RESULTS 
Table 1 contains a summary of our results. In 
those cases where adsorption occurred, the systems 
had this in common: there was an immediate 
extensive gas take-up when fresh surface was 
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Table 1, Extent of adsorption of various gases on a 
clean germanium surface at 25°C assuming a 
germanium surface area of 71 cm? and 7:7x 1014 
sites per cm”. The extent of adsorption is in units of 
o/7:7X 1014, where o is the number of molecules 
adsorbed per cm? of germanium surface. 


Extent of 
Adsorption 
(a/7°7 x 1014) 


Gas 





I lydrogen* 

Nitrogen 

Carbon Monoxide* 

Carbon Dioxide 

Methane 

Ethylene 

Methanol 

Acetone 

Water 

Benzene 

Chlorobenzene 

Carbon tetrachloride 

Chloroform* 

Diethyl ether* 0 
Acetic acid 0-94 
Pyridine 0:77 
p-Dioxan* 0-72 
iso-Butylamine 1-06 


*These results also apply to the system heated to 
100°C. 


exposed to the gas, but there was no substantial 
slow take-up subsequently. The immediate take- 
up was, except for pyridine and p-dioxan, equiva- 
lent to monolayer coverage. The values indicated 
are the average of several runs and appear to be 
independent of the initial pressure of gas (which 
was usually varied over the range 0-1-0-25 mm 
Hg). 

The adsorptions of pyridine and p-dioxan were 
somewhat anomalous. For both these gases the 
rapid take-up was followed by a slow monotonic 
pressure increase (assuming no change in the heat- 
conducting properties per molecule of the gas 
which was measurable for a period of about 6 hr. 
With only a thermistor as a pressure-measuring 
device, it is impossible to say how much material 
was involved in the pressure change. If it is 
assumed that the pressure rise is due to a gas with 
the same heat-conducting properties per molecule 
as the initial gas, then for pyridine ~10" extra 
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molecules appeared in the gas phase and for 
p-dioxan 3 x 1015 extra molecules appeared in the 
gas phase. In the case of p-dioxan adsorption, the 
bent—adsorbate system was heated at 100°C 

hr, whereupon a further increase in 
the thermistor) was 


as registered by 
which, on the above criterion, corre- 


1015 extra molecules entering the 


4. DISCUSSION 
isCussion which follows various gas 


eraction forces are considered with a 


aining the adsorption or non-adsorp- 


ring adsorbent—adsorbate interaction, 


atomic model of the clean germanium 
such a model we draw in large measure 
rk of FARNSWORTH ef al.,(6-9) who have 


electron diffraction to study the 


w-speed 

surface atoms on the 

germanium. The 

is that the ideal 

he bulk crystal) surtace 

of a real crystal. 

surface which 

ol adjacent 

give rise to a 

ng in addition 

hus, from a 

bably justified, 

the ideal 

y the notion 

surface sp® 

“dangling 

stead, the 

valence electrons are imagined 

rablv localized between neighboring 
um atoms, 

tain measure of support for the 

urface. For example, 


(111) or 


unpaired elec- 


permanium 


Surface contained one 


(110) plane} or two [(100) plane 
trons per surface germanium atom (these unpaired 
electrons constituting acceptor-type surlace states), 


nnd 


cm~?, Instead, the work of 


suriace states 


3ARNES and BANBURY (8) 


we would expect to —~ 115 


and 


a kind of 
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on cleaved single crystals of germanium has 
shown that the surface concentration of acceptor- 
type states in the forbidden gap is ~10!! cm~?, It 
seems likely that the higher concentration of 
surface states reported by workers examining sur- 
faces cleaned by the ion-bombardment method@9) 
can be ascribed to imperfect surface pairing at 
surface imperfections, a likely occurrence with 
such a drastic cleaning method. Support for the 
above model comes from recent low-temperature 
(~4-2°K) electron magnetic-resonance studies on 
clean germanium powders. These experiments 
have failed to show an absorption which could be 
identified with unpaired electron states, While 
such studies are not conclusive, they do support 
the proposal that free surface valences do not exist 
clean germanium 


in high concentration on a 


surtace, 


Adsorption forces 

Adsorbent-adsorbate interactions usually fall 
into one of two main (i) short-range 
interactions involving electron exchange or elec- 


with 


groups. 


tron transfer and generally associated 


interactions 
1 Waals 


der 
regarded as 


chemisorption, or (1i) long-range 
involving dipole-dipole forces, van 
forces, &c., are generally 


The 


concerned w ith 


which 


physical adsorption. discussion 


Causing 


which follows is determining 


what adsorption forces predominate in_ the 
systems we have studied. 

Ion formation. Adsorption by ion formation, 
involving the transfer of an electron to or from 
the bulk of the semiconductor, has been exten- 

y discussed in the literature.@!) Such a 
mechanism cannot apply where adsorption to the 
extent of about a monolayer occurs, as is the case 
for the ems reported above. A monolayer of a 


fully-ionized singly-charged adsorbate species 


would give rise to an electrostatic repulsion 
energy in excess of 200 kcal/mole (cf. GREEN@?)), 
while the gained from electron transfer 
processes is at most about one-fifth of this figure. 


A model involving the for- 


energy 


Covalent binding. 
mation of simple electron-pair bonds between 
adsorbent and adsorbate can be rejected for the 
substances which have been found to adsorb to 
the extent of a monolayer on germanium. Such a 
mechanism of adsorption would require that the 
adsorbate species should dissociate, either before 
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or during adsorption, and this must lead to values 
of the amount adsorbed (as measured by the 
pressure change) different from those found. 
However, the formation of an adsorbent—adsorbate 
complex in which the excess electron can be 
treated as a molecular orbital electron, requires 
further consideration. For example, consider that 
the surface complex between germanium and 
pyridine can be represented by 


where the electron denoted outside the square 
bracket extends over the surface complex. In the 
absence of a full quantal treatment, it is difficult 
to say if this type of surface complex can be 
stable. We note, however, that (C2H5)e0, CO, 
and COz all contain lone-pair electrons, necessary 
for the formation of the above type of complex, 
and yet these substances do not react with the 
germanium surface. Therefore we tentatively 
reject the formation of the kind of surface complex 
just described. 

van der Waals forces. It is certain that dispersion- 
force interaction must occur between adsorbent 
and adsorbate. But we know that the extent of 
adsorption (at p/ps < 10-%) is insensitive to pressure 
and, therefore, that van der Waals forces cannot 
predominate in those cases where adsorption has 
been observed. For the substances investigated, 
van der Waals forces will range from 0-5 to 
~5 kcal/mole at adsorbent—adsorbate separations 
corresponding to the equilibrium van der Waals 
radii, 

Electrostatic 
account for the observed adsorptions by any of 
the interaction forces examined thus far, we must 


interactions. Since we cannot 


consider the possibility of electrostatic inter- 
actions. Here we are confronted with our lack of 
exact knowledge of the nature of the germanium 
surface. At best we can use a crude model of the 
surface and the adsorbing species and obtain 
correspondingly rough estimations of the adsor- 
bent—adsorbate electrostatic interaction energies. 
Such a procedure will at least tell us if we are 
moving in the right direction. ''wo types of electro- 
static interaction are considered. (i) The inductive 
effect; the electric field due to the adsorbate is 
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taken to induce a dipole in the adsorbent and the 
electrostatic interaction energy of the induced 
dipole with the adsorbate molecule is estimated.* 
(11) Permanent charge interaction; the interaction 
energy of the charge distribution of the adsorbent 
with the charge distribution of the adsorbate is 
estimated. 

The calculation of the 
using the image force interaction formalism must 


inductive interaction 
be discarded for several reasons. The classical 
theory of images does not apply to metals at 
adsorbent—adsorbate separations of several Ang- 
stroms or to semiconductors probably at separ- 
ations of several hundred Angstroms, 3.24) If the 
classical theory of images is retained down to 
molecular dimensions, strong adsorbent—adsorbate 
interactions are predicted, e.g. water on a metal 
would have an image binding energy of about 
20 kcal/mole. But KEMBALL‘?°) has shown that the 
adsorption of water on mercury is reversible; 


Fic. 1. Representation of the charge distribution on a 
pair of surface germanium atoms in the (111) plane. The 
y-direction is normal to the (111) plane and the x- 
direction is in a line connecting the pair of surface 
germanium atoms. 


this is taken as experimental evidence for rejecting 
image interaction as an important adsorption 
force. 

In calculating the inductive and permanent- 
charge electrostatic interactions, we will consider 
only the (111) crystal plane of germanium, the 
cleavage plane, and assume a point-charge model 

*The inductive interaction arising from the dipole 
induced in the adsorbate molecule by the permanent 
charge distribution of the adsorbent is not considered 
here. We have neglected this interaction because, for 
those substances examined in this paper, the only 
significant inductive interaction occurs for groups with 
comparatively small bond polarizabilities, i.e. substances 
with OH or NH groups. 
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for the charge distribution on the surface atoms. 
The charge is taken to be disposed in the following 
manner (cf. Fig. 1). The germanium core has a 
central charge of 4 e+; each Ge—Ge bond (normal 
half-way along the bond; 

from the 
is partially 


sp? binding) has 2 e- 


the electron orbital projecting up 


surface germanium atom, which 
paired to an adjacent germanium surface atom, 
has 1 e~ in a plane normal to the surface which 
contains the two surface germanium atoms. The 
charge in the surface orbital is taken to be 1:2 A 
from the germanium nucleus (i.e. a distance equal 
to the covalent radius of the germanium atom) 
and along a line which makes an angle of 20° 
with the normal to the surface (20° is about the 
that 


without bond rupture). 


maximum most bonds can be distorted 


7 


He2O over a surface germanium atom in “‘pirou- 
’ position: upper H and projecting electron of Ge 
on the +x side. The x-y plane corresponds 


to the x-y plane of Fig. 1. 


1 are both 


A point-charge model is also used for the 
adsorbate molecules. The inductive interaction is 
calculated, for the sake of illustration, for two 
kinds of adsorbate species: water, which was 
adsorbed, and carbon tetrachloride, which 
not adsorbed. We use an effective point-charge 
model for HeO and CCly. For water we use the 
model provided by ROWLINSON(?®), For CCly we 
must use the cruder model given by PAuLING®”, 
In the latter case, knowing the bond length and 
the bond dipole moment? and placing the 


was 


GREEN and K. H. 


MAXWELL 


Fic. 3. HeO over a surface germanium atom in astride 
position. The H—O-H chain is in the x-y plane. 


charge at the centre of the atoms, we have 0-6 e* 
on the carbon atom and 0-15 e- on each of the 
chlorine atoms. 

Several likely dispositions of the adsorbate 
molecule with respect to the adsorbent molecule 
are shown on Figs. 2-4. In each case the van der 
Waals radius for adsorbent and adsorbate is used. 
to have about the same 


Germanium is taken 


Fic. 4. CCl, over a surface germanium atom: one of 
the upper Cl atoms is in the x-y plane. 
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van der Waals radius as krypton, (28) ie. 2A.* The 
radius of water (2% is taken as 1-35 A and that of 
carbon tetrachloride®% as 2-95 A; the centres of 
the molecules (which are treated as spheres) are 
taken at the Ge, O, and C nucleus respectively. 
Several assumptions must be made in order to 
estimate the inductive interaction. The polariz- 
ability of the surface germanium atom is taken to 
reside mainly in the bonding electrons. The 
polarizability « of the bonding electrons and the 
surface electron is taken to act along the direction 
of the bond and the transverse polarizability is 
taken to be negligibly small. This gives a value of 
-~~22 x 10-25 cm? per bond, given the experimental 
value of ~44x10-%5cm? for crystalline ger- 
manium (obtained from its refractive index®®). 
The method of computation of the inductive 
interaction at a bond of a surface germanium atom 
is as follows. The electric field, F, due to the 
adsorbate molecule, at the position where the 
point charge of the bond has been sited, and 
along the bond direction, is calculated. ‘The 
induced dipole is obtained from the relation 
p. = «F’, The dipole is taken to be a point dipole, 
whence the potential at any point due to the 
induced dipole is given by V = p» cos 6/r?, where 
pcos @ is the dipole strength along the line 
connecting the dipole with the point in question 
and r is the distance to that point. The potential, 
V, due to the induced dipole, is calculated at 
each of the charges of the adsorbate molecule. ‘The 
interaction energy with each of the charges is 
given by the product gV, where q is the mag- 
nitude of the adsorbate charge being considered. 
The sum of these interactions is the estimated 
inductive interaction energy with the bond in 
question. This is carried out for the four bonds 
associated with each surface germanium atom. 
When this is done, it at once becomes apparent 
that only the interaction with the projecting 
surface electron is of any consequence; the lower 
bonds give an interaction energy of ~0-1 kcal 
mole~! or less. The interaction energy of water 


*Germanium is compared with krypton because of 
their relative positions in the Periodic ‘Table. Further- 
more, an analysis (GREEN, MAXWELL and SEIWATZ, 
unpublished work) of the heat of adsorption of krypton 
on Germanium leads to a value of about 1-9 A for the 
effective van der Waals radius of the surface germanium 
atom. 


GERMANIUM SURFACES 201 


with the projecting electron (for the configuration 
of Fig. 2) is the largest calculated quantity and is 
+3-7 kcal/mole (the positive sign signifying net 
attraction). We would expect a similar value for 
the inductive interaction energy for other sub- 
stances possessing an OH group, i.e. CH3 OH, 
CH3 COOH, &c., CClqin the configuration shown 
0-5 kcal/mole. In view of the 
inter- 


in Fig. 4 gives 
smallness of the estimated inductive 
actions, this effect need not be considered further; 
it cannot, by itself, account for our experimental 
observations. 

The interaction between the permanent-charge 
distributions is calculated according to classical 
electrostatics, using the model described above. 
Here, however, the charge on the bonds between 
the surface germanium atom and the lower-lying 
atoms, the sp® bonds, is taken to be 1 e~, rather 
than 2 e~, since one of the electrons of the bond 
is donated from the lower germanium atom, and 
we should have to include the whole of the lower 
germanium atom if we included one of its electrons. 

Detailed calculations of the permanent-charge 
interaction energy have been out for 
water/germanium and methanol/germanium for 
the “pirouette” configuration (Fig. 2). These 
calculations show clearly that it is only because 
the hydrogen atom can approach close to the 
projecting surface electron and because the OH 


carried 


group has a high dipole moment, with the positive 
end of the dipole on the hydrogen atom, that strong 
electrostatic interaction occurs with germanium. 
Essentially the same conclusion applies to hydro- 
gen bonding in liquid systems, where the simple 


classical electrostatic approach has attained a 


great deal of success in explaining intermolecular 
attraction involving positively charged hydrogen 
groups.%)) Our results for HgO on germanium 
give U,, the permanent electrostatic interaction 
energy, equal to +12-5 kcal/mole, using DUNCAN 
and PopLe’s®2) model for HeO. (Using Row Lin- 
SON’s model, we obtain +11-5 kcai/mole.) For 
methanol on germanium, we obtain U, = +14-3 
kcal/mole. The charge distribution on methanol 
was obtained by using DuNcAN and PopLe’s 
model for water, replacing one of the hydrogen 
atoms by a CHg group (C-H dipole taken = 0) 
and adjusting the mean position of the bonding 
electrons of the O-C bond until the final 
charge distribution of the molecule yielded the 
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experimental dipole moment of methanol, i.e. 


basis of the above calculations, 


vlamine (this latter substance taken to be 

nia), we can confidently expect 
values of 13 
+20 We 
ne, im its enolic modification, to 
for Ue. 


at of adsorption, U, 


substances to give U, 


within per cent. would 


give a 
i.e. the adsor- 
energy, will be approxi- 
U.+U,4+ U; 


der Waals and inductive 


sreater than 

the Van 
rgy, respectively), where U,, Uy and 
calculated for an adsorbent—adsor- 
corresponding to the maximum 


ve been 
separatio1 
Waals energy. For U in excess of about 


1 


le, the adsorption is generally ir- 


has the characteristics associated 
rption. Chemisorption is, amongst 
es, characterized by the presence of 
dis- 
the 


is a maximum approximately over a 


l 


sites; this site characteristic is 


electrostatic interaction, where 
ium atom. 

ating U, to the permanent-charge inter- 

tion energy between adsorbent and adsorbate 

it is tacitly assumed that 

only the 


beneath it. 


Jor monotiayver coverage, 


interacts with 


adsorbate m« 
] ; 
molecule immediately 


is assumed that lateral interaction 


adsorbent 
Furthermore, it 
between adsorbate molecules in the monolayer is 
The first of these assumptions seems 

it is noted that 
molecule must approach 


insignificant. 
the hydrogen 


> 1] 
justinabdi¢ 


atom of an adsorbate 


close to the surface projecting electron for a sig- 


nincant *rmanent-charge interaction energy to 


result, nd assumption is more difficult 


SCUUILI 
by a calculation and here we can appeal 
KEMBALL(2°) has shown, in an 
of the adsorption of water and the 


simple aliphatic alcohols on mercury surfaces, 


1c 


that t of adsorption is independent of 
a monolayer). In the case of 
KEMBALL®9) concludes that water 1s 


rouette”’ position on the mercury 


coverage {up to 
water, 


y1 


probably in a 


I 
I 
t 
t 


localized adsorption has occurred ; 


surface and tha 


this is the same model that we have used. These 
results would seem to militate against the need 


to consider lateral interactions. 
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The adsorption of pyridine and p-dioxan can- 
not be readily accounted for by electrostatic 
interaction, and we are not in a position to explain 
the nature of the binding. We note, however, that 
in both cases there is an unusual pressure change 
after the initial fast adsorption, which may be 
due to a decomposition reaction. It would seem 
that an experimental study involving a system for 
identifying the species in the gaseous phase is 
called for. 

From an electrostatic viewpoint, all those 
substances listed in Table 1 as not adsorbing 
should not have adsorbed. In some cases it 
is clear from the small polar character of the 
intended adsorbate molecule that the electrostatic 
interaction would be trivial. Thus, CO has a 
dipole moment of 0-:1D; He and CsHy have 
essentially no polar character.*) In other cases, 
CHy4, CCl4 and CClgH, the central atom is 
H with sp® bonding is estimated) 


e.g. 
positive : & 
to have a dipole moment of about 0-4 D, with 
the hydrogen as the negative end of the dipole. 
In yet other cases, it is not immediately clear 
that small, 


and these cases have been treated numerically, 


electrostatic interaction would be 
using our model for the germanium surface. The 
results of these calculations follow below. 

CObs. For COs we take a configuration where the 
C atom is directly over a surface Ge atom and the 
O=C=0O is in the x-y plane (cf. Fig. 1). The van 
der Waals radius for the carbon atom is taken as 
1-2A. The charge calculated 
from WALSH’s4) estimate of 9 per cent polar 
character for COz, whereupon we obtain Up~0-2 


distribution is 


kcal/mole. 

Ce Hs Cl. The Cl atom is placed over a surface 
Ge atom and the plane of the benzene ring in the 
x-y plane (Fig. 1). The van der Waals radius for 
the Cl atom is taken as 1:19A. The charge 
distribution is estimated assuming the following: 
that the Cl atom is positive, that the excess charge 
on the Cl atom is balanced against the excess 
negative charge in the benzene ring, and that this 
negative charge is equally distributed over the 
1, 3, 4, and 6 positions of the ring. ‘The measured 
dipole moment of Cg H5 Cl is 1:73 D and the 
dimensions of the molecule are C—C 1:39 A 
and C-Cl = 1:69 A. U, is found to <0°5 
kcal/mole. 

Cs Hg. The carbon—hydrogen bonds of benzene 


be 
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are polar, ®9) C-H~0-4 D. In estimating the 
permanent charge interaction, benzene is placed 
in the same configuration as Cg Hs Cl above, and 
the van der Waals radius of the hydrogen atom is 
taken as 0-35 A, whereupon we estimate that 
U.™1 kcal/mole. 

(C2 Hs)2O. The polarity of the C-H bond in 
diethyl ether is not known, and this makes it 
difficult to estimate the charge distribution from 
the dipole moment. However, assuming the 


Fic. 5. Diethyl ether, [(C2Hs)20], over a surface ger- 

manium atom; the terminal CHs groups are not shown 

since these were not taken into account for the cal- 
culations. The C—O-C chain is in the x-y plane. 


C-C and the C-H dipole~0, the effective excess 
charge on the C and O atoms can be estimated 
from the dipole moment, The (C2 H5)20 is placed 
5, with the 


Fig. 1). We 


over the surface as shown in Fig. 
C-O-C chain in the x-y plane (cf. 
obtain U,c~0-1 kcal/mole. 


5. CONCLUSIONS 


The results of our electrostatic calculations 
show that, apart from pyridine and p-dioxan, the 
adsorption or non-adsorption of the substances 
investigated can be explained on a purely electro- 
static basis. It is important to note that only 
where one would expect a form of hydrogen 
bonding does a formal electrostatic calculation 


yield U, values which are probably high enough 
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to account for ‘chemisorption’. We have yet to 
deduce a criterion for non-adsorption on ger- 
manium surfaces; the above findings for non- 
adsorption on an electrostatic basis, while they 
are gratifying, are not by themselves sufficient. 
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Abstract 


Measurements have been made of the energy distributions of photoelectrons emitted 


by various semiconductor surfaces freshly exposed by breaking in high vacuum (~ 10-8 mm). The 
data have been used to obtain the variation with energy of the density of states in the valence band, 
multiplied by a photoelectric excitation probability. Spectral distributions of the photoelectric yield 
and accelerating field characteristics were also measured. Marked differences were found between the 


energy-dependence of the photoemission of the hexagonal structure BieTe3 on the one hand, and the 
three diamond-structure semiconductors on the other. Work functions found were: 4°57 eV for 
InSb, 4:69 eV for GaAs, and 4:75 eV for germanium, the clean faces being composed of (110) facets 
for the intermetallic semiconductors and of (111) facets for the germanium. For BieTes, mirror-like 
(0001) cleavage planes had a work function of 5-30 eV. 


1, INTRODUCTION 


THERE is much interest in the valence bands of 


certain semiconductors, including germanium and 
the intermetallic semiconducting compounds. Ex- 
perimental evidence concerning the density of 
states in the valence bands of these materials, for a 
depth of more than a few times kT below the top of 
the band, has not been obtained, and few methods 
are available. Because of the difficulties of inter- 
preting the results of soft X-ray emission studies on 
materials of high atomic number (see e.g. ‘TOM- 
BOULIAN“)), it was considered worthwhile to gain 
information by measuring the external photoelec- 
tric emission from the materials. 

APKER et al.(2) showed that the energy distribu- 
tion of external photoelectrons could be analysed, 
using certain simplifying assumptions, to deduce 
the product of the photoelectric excitation prob- 
ability and the density of states in the valence band. 
Subject to a knowledge of the former quantity, the 
density of states can thus be obtained. In addi- 
tion, the photoelectric method leads to the deter- 
mination of the work function of the surface 
examined, and also an estimate of the valence band 


* Now at Barus Research Laboratory, Brown Univer- 
sity, Providence, Rhode Island, U.S.A. 


edge separation from the Fermi level in the surface 
region, both of which parameters are of interest. 


2. THEORY OF METHOD 

The well-known retarding potential method of 
determining energy distributions of photoelectrons 
was used. The theory of this method, and a theo- 
retical scheme for analysing the results of the 
photoemission from semiconductors using mono- 
chromatic incident light, were given by AKPER et 
al.2) For convenience of discussion, we include 
here some important points, with special 
emphasis on electron-electron collisions. 

An internal electron of energy ¢ excited by a 
photon hv becomes an external photoelectron of 
energy F after passing through the surface barrier 
of height 1+¢, where p is the Fermi energy and ¢ 
the work function for the surface concerned. As will 
be discussed further in Section 8(c), we consider a 
volume photoelectric process in which the electrons 
are excited internally and then travel to the surface, 
suffering possible collisions. Recent experiments 
on avalanche effects in reverse-biased p—n junc- 
tions (CHYNOWETH and McKay®), and references 
to earlier work) indicate that highly excited elec- 
trons lose energy mainly by electron—electron col- 
lisions, the minimum loss being somewhat greater 
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> 2 


than the forbidden energy gap, 
are considerably higher. One may thus assume that 


though most losses 


the more energetic external photoelectrons have 
-d no internal electron—electron collisions. 
as in the work of 
that 


passing 


The further assumption is made 
DUBRIDGE™®), and APKER et al. ), 


the probability of an excited electron 
iene the surface barrier is proportional to £. 
APKER e7 al.‘°) that the product sn 
ic excitation probability S( Vv, €) 


} _—_ 
or the photoeiecti 


the density of states m(e) is proportional to 


and 

N(£) E, where N(£) is the energy distribution of 

the photoelectrons, and is the quantity obtained 

rentiating experimental retarding potential 

plots. By further assuming that sm varied as 

r . he range ol il terest, where €y 1S the 

p of the valence band and m is an arbitrary para- 

meter, APKER et al.'*) derived a theoretical expres- 

S ( ling potential curves from semi- 

tors | his express mntained the > para- 

r ma \,. the distance between the top 

( é ilence band and the Ferm: el in the sur- 

I la ty A is great terest. It can be 

et rom the photoelectric data by using 
+] 

\ = e(Vp — Vo’) (1) 

\ | e reta or * pire ist 

prevents clect S ¢ ing from the Fer anal 


ele de making con to collector surface; 7 
S—side tube containing tungsten spring; WP 
this pin is underneath); J—ionization gauge G 


HANEMAN 


juartz-to-glass seal with quartz window; C 


trap for frag 


getter tube 
seal-off constriction. 





retarding potential which just stops electrons com- 
ing from the top of the valence band. The potential 
V9 is equal to hv—d¢e, where ¢¢ is the collector work 
function, which can be found by studying the emis- 
sion from a metal emitter, using the analysis of 
FOWLER and DuBrince. If a semiconductor is then 
substituted for the metal emitter, its work function 
¢ can be found from the contact potential between 
it and the surrounding collector of determined 
work function ¢¢. This contact potential is equal 
to the which should be independent 


of hy 


voltage V ; 
at which the photoelectric current saturates 


eVie=he—d (2) 


The voltage Vs can be satisfactorily determined 


by using parabolic extrapolation techniques. © 


3. EXPERIMENTAL DETAILS 
(a) Surface preparation 


To avoid spurious effects due to emission from 


surface layers of foreign atoms, it is desirable to 


study surfaces having less than a monolayer of con- 


tamination. 


The three most widely used methods for pro- 


forma- 


ducing clean surfaces involve heating, the 


tion of evaporated films, and ion bombardment of 


} 


the surfaces. The heating method of cleaning is not 


promising for some of the materials studied here, 


owing to their low melting point. Evaporated films 


of compound semiconductors are difficult to 


] 
a are 


pre- 


unsati: as they generally have 


pare al 


factory, 
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ments of broken crystal; H—hammer; 


tungsten pin connected to crystal holder (tube containing 


containing molybdenum wires and SO— 
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properties differing appreciably from those of the 
bulk specimens (see e.g. PAPARopITIS)), There is 
reason also to suspect evaporated surfaces, as the 
work-function values may differ from those ob- 
tained for solid-specimen surfaces.) The third 
method is the ion-bombardment cleaning tech- 
nique of FARNsworTH et al.(9) The efficacy of this 
method has not to date been demonstrated for all 
the semiconductors used here. 

In view of the above considerations, fresh sur- 
faces were produced by breaking and cleaving the 
materials in high vacuum. The surfaces so pro- 
duced are expected to be initially clean, and free of 


the objections applicable to surfaces produced by 


the other techniques. ! 

Sealed-off phototubes were used, gettered by 
Alpert ionization gauges and freshly evaporated 
molybdenum films. A sketch of the type of photo- 
tube used is shown in Fig. 1. Ultraviolet light was 
admitted through a polished 1-mm., quartz window 
attached by a graded seal to the 1 litre collector 
sphere, which was coated internally with a conduc- 
ting layer of graphite. The breaking mechanism 1s 


hammer; M/ 


cup; 


Crystal-breaking assembly. H 
anvils; N 
WS 


Fic. 2 
matching flat 
WR—3-mm 
NB—nickel barrel; G—guide into barrel; S 
rod; NS—nickel slider; NR—nickel rod; and 
tungsten pin to barrel. 


surfaces; A nickel 


tungsten rod; tungsten spring; 


support 
WP 


shown in detail in Fig, 2. Most crystals were about 
20 mm long xX 8 mm wide X 2 mm thick. For 
breaking, the crystal was supported on either side 
by nickel anvils screwed to a nickel barrel which was 
itself a sliding fit in the surrounding glass tube. 
This arrangement distributed the shock when the 
tungsten-loaded hammer was jerked on to the 


InSb, 
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crystal to break it. This method of breaking was 
successful for InSb, and GaAs 
crystals, not all of which could be obtained 
cleavage. For 


germanium, 


suitably oriented for bismuth 
telluride, which is soft and cleaves easily, a 
somewhat different method was adopted. A piece 
of razor blade was driven by magnetic control a 
distance of 0-5 mm into the side of the crystal, 
whose front face was (0001). The crystal was then 
pulled back in such a way that a piece of the mater- 
ial was flicked off, exposing a mirror-like cleavage 
plane of dimensions 5X5 mm. 

In all cases the crystals were clamped in a suit- 
ably shaped nickel fork welded to the end of a 
polished 2-mm-dia. tungsten rod which was a 
sliding fit in the guide tail of the nickel barrel. This 
rod could be slid to any desired position by tilting 
the sealed phototube or by magnetically forcing the 
nickel slider (Fig. 2) against the stops welded to the 
rod. The assembly could be rotated by magnetic 
control of the nickle U piece attached to the end 
of the rod. Broken crystal fragments were accom- 
modated in a separate chamber shown in Fig. 1. 

Electrical contact to the crystal was made 
through the 3-mm tungsten pin which held the 
barrel in position. The collector contact was a 
piece of nickel wire pressed against the graphite 
and held by a small pinch at the neck of the tube. 


(b) Vacuum procedures 

Prior to assembly of the tube, metal parts were 
degassed to near melting point by r.f. heating in 
high vacuum. ‘The assembled tube was connected 
via a seal-off constriction to a vacuum system con- 
sisting of a two-stage backing pump followed by a 
mercury diffusion pump and three liquid-air 
traps. The top trap and the phototube were baked 
for 50 hr at 400°C, with liquid air in two traps. 
Before seal-off, the ionization gauge, molybdenum 
getter filaments, and seal-off constriction were 
thoroughly degassed at 10-§ mm. After seal-off, 
pumping with the ionization gauge and evaporated 
molybdenum getter films gave recorded pressures 
of 10-8-10-9 mm. A fresh molybdenum getter film 


was evaporated just before breaking a crystal. 


(c) Measuring procedures 

The tubes were assembled with platinium caps 
fitting over the crystals. Each cap had a similar 
shape to the crystal, but was in contact only near 
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the crystal support. The first measurements were 
made on the cap. They included the spectral distri- 
bution of the photoelectric yield, retarding poten- 
tial characteristics taken at several different photon 
energies, and the increase of photocurrent with 
accelerating field. The cap was then dislodged and 
measurements made on the ground front face of the 
crystal. After this the crystal was broken and slid 
into the centre of the sphere, and measurements 
were made as soon as possible on the freshly ex- 
pose d face. 


ally complete about 15 min after breaking the 


The first yield measurement was usu- 


crystal. Yield measurements could be taken in 2 or 
3 min and retarding potential characteristics in 
about 5 min. A full set of measurements could be 


taken and repeated within an hour of breaking the 


crystal. 
Low- and medium-pressure mercury discharge 


j 


lamps and low-pressure zinc and cadmium dis- 


charge 1: were used as light sources. Photo- 


. 4. Yield curves for freshly broken crystals. 
KEY 
InSb; A Ge; 

GaAs; 
—— FOWLER curve 


BieTes; 


HANEMAN 


electric currents were measured with a d.c. electro- 
meter amplifier. During measurements, the photo- 
tube was shielded from stray fields and the earth’s 
field by concentric Mumetal 


magnetic three 


shields. 


4. EXPERIMENTAL RESULTS 

(a) InSb 
Single 
used.* They were examined in three tubes, in two 
of which broken faces were measured. After the 
baking at 400°C the specimens were n-type de- 


crystals with 101° donor atoms/cc were 


generate. Some decomposition was also evident on 
the ground faces. A photograph of one of the 
crystals as it appeared after breaking is shown in 
Fig. 3. The main face, which was (110), the cleav- 
age plane for InSb, is just visible in the photograph. 


Fic. 5. Retarding potential characteristics for freshly 
broken crystals and for an incident photon energy hy 
Vo), so that 
ises the origin corresponds to the Fermi level. The 

1:08 V; Ge 1:14 V; 
and InSb 1-25 V. 


The current is plotted against (V 


were: BioTe } 


MY: 


values of Vo 
GaAs -j 


The orientation was found by X-ray diffraction, 
using the back-reflection Laue technique. A second 
broken face consisted mainly of (110) facets with 
small areas of damage also present. Photoelectric 
yields are shown in Fig. 4, and retarding potential 
characteristics in Figs. 5 and 6 for three surfaces of 

Kindly supplied by Dr. D. G. Avery of the Royal 
Radar Establishment, Malvern. 





Fic. 3. Photograph of a broken InSb crystal in its holder. 
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Fic. 6. Retarding potential characteristics at three photon energies 
(5-80, 5-38, and 5-21 eV) for a freshly broken InSb surface. The 
positions of the Fermi level are marked by arrows. A char- 
acteristic for a partially decomposed surface is also shown, 
together with a DuBripcE theoretical curve for an ideal metal 
having the same work function as the clean InSb. The inset shows 
the parabolic extrapolation used to find the saturation point Vs. 


interest. An example of parabolic extrapolation to 
determine the saturation voltage Vs is given in 
Fig. 6. Also shown for comparison are the retard- 
ing potential characteristic from an ideal metal 
having the same work function as InSb crystal B, 
for an incident photon energy of hv = 5-80 eV. 
This characteristic is computed from DuBRIDGE’s 
theoretical formula. The difference between the 
metal and semiconductor characteristics is clearly 
apparent, as seen by the absence of photocurrent 
for the semiconductor at retarding potentials in 
the vicinity of Vo, the stopping potential for elec- 
trons coming from the Fermi level. This suggests 
the relatively low density of states in the semi- 
conductor at the Fermi level. The characteristic of 
the front ground surface which showed decomposi- 
those from the 


tion is intermediate between 


broken surface and the metal. 


oO 


Energy distributions N(£) were computed by 
differentiating curves such as those in Fig. 6, and 
the value of N(£)/F was found. This should be 
proportional to s(v, €)n(¢«). Such curves are shown 
in Fig. 8 for various surfaces. Comment on the 
curves will be made in Section 8(b). 

The work function for the broken face of InSb 
crystal A was 4:57+0-03 eV, decreasing after a 
week to 4-48 eV. The value for the second crystal 
face, 4:46 eV, showed no appreciable change after 
a week. In the tube containing the latter crystal the 
recorded pressure did not fall below about 10-7 
mm, owing to a possible trace leak. Possible con- 
tamination present on the surface will be discussed 
in Section 5. 


(b) GaAs 


An n-type GaAs block, which was mainly 
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single-crystal, was used.* The material contained 
small cavities formed during the growing process. 
Ohmic contact could be established at these holes 
by probing. The metallic nature of the surfaces 


of the cavities was confirmed by measuring 
energy distributions of the photoelectric emission, 
which were characteristic of the emission from a 
metal. 

No decomposition was noted after baking the 
crystal, and the photoemission data from ground 
surfaces of two differently oriented crystal faces 
were characteristic of a semiconductor, with a value 
of A, or e(Vo—Vo'), of ~ 0-3 eV. 

The broken GaAs surface consisted mainly of 
(110) cleavage plane facets. Yield data, taken 
within an hour of breaking, are shown in Fig. 5, 
and a retarding potential characteristic, part of the 
full photoelectric data taken the following day, is 
shown in Fig. 6. It was found that the interval 
between Vo and the point Vo’, where the curve 
meets the voltage axis, was similar for both broken 
and ground surfaces, thus indicating a similar 
separation of the valence band edge from the 
Fermi level for the surface regions. The work 
function for the broken face was 4-69 eV. 


(c) BioTes 

Oriented single crystals of this material were 
used.*+ After baking at 400°C on the vacuum sys- 
tem, some surface decomposition was noted for 
this material. Separate tests indicated that a degree 
of evaporation took place which seemed to keep 
the recorded pressure in the sealed tube up to 
~ 5x 10-7 mm. Measurements were made of the 
emission from the etched crystal face and from two 
mirror-like (0001) cleavage surfaces produced by 
the method described in Section 3(a). The photo- 
emission characteristics for two fresh surfaces were 
similar, the work function being 5-28 eV in one 
case and 5-31 eV in another. The yield is shown in 
Fig. 4. Retarding potential data for the fresh and 
etched surfaces indicated that for both surfaces 
V9’ was close to Vo, thus showing that the top of 
the valence band was approximately at the Fermi 
level. 

* Kindly supplied by Dr. J. T. EDMonpD of Services 
Electronics Research Laboratory, Baldock, Herts. 


+ Kindly supplied by Dr. D. A. Wricut of The Gen- 
eral Electric Co. Ltd., Wembley, Middlesex. 
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(d) Germanium 

Single-crystal n-type material was used. ‘Two 
broken surfaces were examined. For the first sur- 
face, concoidal in shape, only the spectral distribu- 
tion of the photoelectric yield was measured. For 
the second surface, full photoelectric data were ob- 
tained. The major surface was (110), with small 
irregularities present. The yield is shown in Fig. 4 
and a typical retarding potential curve in Fig. 5. 
The work function for a surface cleft in air and 
baked in high vacuum was 4:12 eV, with a value 
of A of 0-20, and the work function for a surface 
broken in high vacuum (~ 10-9 mm) was 4-75 eV, 
in good agreement with the values found for a 
(111) face by DILLON and FarNswortH"®) and for 
polycrystalline films, @-1) 


5. CONTAMINATION 

Assuming a sticking coefficient of unity, a mono- 
layer of gas would form on a clean surface at 10-8 
mm in ~4 min. Since the recorded pressures 
when most of the broken were 
~ 10-8-10-9 mm and the first measurements were 
made after 15 min, a monolayer of adsorbed gas 
atoms could conceivably have been present. How- 
ever, reasons are given in the following paragraph 
for believing that this possibility is unlikely to occur. 

Firstly, at 10-8 mm the total quantity of gas in 
the sealed tube is sufficient to form only 1/100th of 
a monolayer on the fresh surfaces. Pumping effects 
corresponding to adsorption taking place on the 
fresh surfaces were not detected. Secondly, the 


surfaces were 


number of active gas atoms present is likely to be 
considerably lower than the recorded pressure 
owing to the presence of the fresh molybdenum 
getter films, which are known to getter active gases 
efhciently. ‘Thirdly, the available evidence, 
although meagre, indicates that sticking coefficient 
at room temperature are probably less than 
unity.“*) In these circumstances, surfaces pro- 
duced under the conditions described here could 
stay substantially clean for days or weeks. In agree- 
ment with this, no change was detected in the work 
function of germanium for over a week, the value 
after that time still corresponding to the clean-sur- 
face value found by DILLON and FARNSworTH"”®), 


6. STRAY FIELDS AT THE EMITTER 
The surfaces produced by the methods des- 
cribed here are subject to stray fields caused by the 
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contact potential difference between the emitter 
surface and the other crystal surfaces, arising from 
their differing work functions. Patch fields on the 
emitter face itself are also present on most surfaces. 
Checks can be made to discover whether the dis- 
tortion to photoelectron paths introduced by these 
stray fields is sufficient to affect seriously the mea- 
sured retarding potential characteristics. 

A direct method of checking involves the ap- 
plication of accelerating fields F. According to the 
Schottky theory, the photocurrent should increase 
linearly with F?. The slope at comparatively low 
fields, such as those obtained by applying voltages 
V of up to +1000 V to the collector may not be the 
true Schottky slope for a uniform surface, but will 
probably be similar to this owing to the dominance 
of low-work-function patches (case II collecting 
fields, HERRING and NicHo.s“*)), 

At the low accelerating fields, electrons of low 
energy, whose paths are easily distorted, are pre- 
vented from reaching the collector. At high col- 
lecting fields these electrons reach the collector, so 
that the recorded photocurrent increases more than 
linearly. The degree to which this occurs gives an 
indication of the stray field disturbance. Examples 
of accelerating field characteristics are shown in 
Fig. 7, where the initial non-linear region is clearly 
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Fic. 7. Relative increase of photoelectric current as a 
function of the square root of the applied accelerating 
voltage. Values of (hv—¢) are shown in brackets. 
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in evidence for some surfaces. To avoid super- 
position of curves, the yields are given in arbitrary 
units. The fourth curve from the top applies to a 
surface on which a metal clip was placed to increase 
the stray-field distortion. The effect on the low- 
voltage region is evident. It is interesting to note 
that since the relative number of slow electrons is 
less the more hv exceeds ¢, distortion effects can be 
minimized by using larger incident photon 
energies. The Schottky slopes also decrease as 
(hv—¢) increases. Values of (hv—d¢) for the curves 
in Fig. 7 are shown in brackets. 

Safe limits of distortion for retarding potential 
characteristics can be estimated from the following 
criteria. If distortion is not severe, the saturation 
voltage Vs found by parabolic extrapolation of the 
low-energy part of a retarding potential curve 
should be the same to within a few hundredths of 
an electron volt for all the curves taken at different 
values of hy for a particular emitting surface. The 
second criterion is derived from comparison with 
the emission from clean metals where the un- 
distorted form of the tail regions of retard- 
ing potential curves is known, being given by 
DuBrRIDGE’s expression. ‘To compare curves, it is 
necessary to have some parameter specifying the 


distortion. For convenience we define the distor- 


tion parameter f as the percentage increase in the 
photoemission caused by accelerating fields, which 


is over and above that caused by the normal 
Schottky effect. In plots like those in Fig. 7, 8 is 
obtained by extrapolating the straight-line 
Schottky slopes back to intersect the line V? = 1, 
at a point which will correspond to /'+ J’, where 
I’ is the recorded photocurrent at V = +1 V. In 
this work it has been found for a variety of platin- 
ium emitters that the photoemission obeyed 
DuBripGe’s form for several tenths of an electron 
volt in the tail region of retarding potential curves, 
even in the presence of stray distorting fields suffi- 
cient to result in values of B up to about 0-1 at 
values of (hv—¢) in the region of 1 eV. From such 
results it would appear that this degree of distor- 
tion is tolerable. Endorsement of this conclusion is 
obtained from comparison of the emission from 
the two InSb crystals discussed in Section 4(a). 
The retarding potential curves at hy = 5-80 eV for 
InSb crystal A one week after breaking (6 = 4-48 
eV) and for InSb crystal B (6 = 4-46 eV) were 
almost identical, though the values of B were 0-06 
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and 0-09 respectively. (The difference in distorting 
fields is probably due to the different geometry 
over the broken faces.) 

On the above criteria the retarding potential 
curves which are presented in this report would 
be relatively little affected by stray distorting fields 
with the possible exception of the very low-energy 


regions. 


7. ANALYSIS OF RESULTS 

As described in Section 2, the quantity of inter- 
est s(v, €)n(€) is proportional to N(£)/E. This func- 
tion is readily obtained graphically by differentiat- 
ing retarding potential plots like those in Fig. 5 to 
obtain N(£), and then determining N(E)/E, to give 
the curves shown in Fig. 8. 

The important parameter A is determined from 
a knowledge of Vo and Vo’. The latter quantity is 
the point where the retarding potential curve 
meets the voltage axis. Since currents can be mea- 
sured only down to the detection limit, the curve 
must be extrapolated to J = 0. A possible method 
of extrapolation would be to fit the theoretical 
formula of APKER et al., mentioned in Section 2, 
to the curve. This formula however contains, in 
addition to A, an undetermined parameter m. 
APKER et al. considered several arbitrary methods 
of extrapolation leading to values of A differing by 
up to 100 per cent. We have here adopted the 
following particular method of extrapolation. 

Referring to the plots of N(£)/£ versus E£ in Fig. 
8, it is noted that the curves exhibit a fairly smooth 
curvature, and may, for a distance of ~ 0-5 eV 
from the maximum energy Em, be fitted by a 


power-law expression of the form (£;, —E£)™, where 
m is a suitable number. This empirical fact is in 
accord with the theoretical assumption of APKER 
et al., mentioned in Section 2, that s(v, €)n(e) varies 


as (eg—e)™. Putting N(E£)/E = Z, the quantity 
(1/Z)(dZ dE) can be plotted against F, giving a 
straight line of slope 1/m intersecting the E axis at 
Em, which quantity determines V9’. 

In this way both mand A can be uniquely deter- 
mined. This analysis was used on the data obtained 


in the work reported here. 


8. INTERPRETATION OF RESULTS 
(a) The valence band edge separation from the Fermi 
level 


In assessing the significance of the quantity A, 


(the valence band edge separation from the Fermi 
level in the surface region), the possibility of a 
surface space-charge barrier must be considered. 
If a barrier is present, A varies near the surface, 
and the value obtained represents some average 
over the depth from the surface from which photo- 
electrons emerge. The interpretation of retarding 
potential curves would also be affected. If, how- 
ever, the semiconductor has a high free-carrier 
concentration of the order of 1017 cm-% or more, 
the surface barrier would vary appreciably over 
only a very narrow region which may be less than 
the photoelectron mean free path. 

The results from InSb and BigTes give some 
support for the last conclusion. The InSb crystals 
after baking were n-type degenerate at room tem- 
perature, with the Fermi level at the bottom of the 
conduction band. For no surface barrier effects the 
theoretically expected value of A is thus equal to 
the band gap, which at room temperature is 0-17 
eV. The experimental value of A of about 0-2 eV, 
as in Fig. 6, is in agreement with this. (The error 
due to the extrapolation method used to determine 
Ais about ~ +0-05 eV.) The BigTeg crystals after 
baking were p-type degenerate, so that the ex- 
pected value of A is zero, in good agreement with 
the estimate of A ~ 0 found from the retarding 
potential data, as seen in Fig. 5. 

For the n-type GaAs, which has a band gap at 
300°K of 1-6 eV, the experimental value of A of 
~ 0:3 eV would indicate a high surface barrier. A 
similar value of A was also found for the ground 
surface of this material, indicating a similar high 
barrier for this surface. Such a barrier would 


well-known point- 


account for the excellent 
contact rectification properties of GaAs. Even con- 
tacts of several square mm area on ground surfaces 
show rectification. 

For n-type germanium the value of A was 
~ ():20 eV, which indicates a high surface barrier 
in this case, since the band gap at 300°K is 0-75 eV. 


(b) Density of states 

The functions N(E£)/E 
photoemission from the different fresh crystal sur- 
faces are plotted in Fig. 8. On the assumptions 
mentioned in Section 2, these functions are pro- 
portional to the product of the photoelectric ex- 
citation probability s(v, «) and the density of states 
n(e). If s(v, «) does not vary sharply in the energy 


computed from the 
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range considered, then the forms of the functions 
shown in Fig. 7 are proportional to the density of 
states, the point at (Em—EF) = 0 corresponding to 
the top of the valence band. This applies for all but 
the very low-energy regions of the curves (i.e. 
(Em—E) is large), as these regions may not be fully 
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Fic. 8. Experimental curves for the product of the den- 
sity of states and the excitation probability as a function of 
energy. (GaAs results were smaller than shown by a 
factor of three.) 


trustworthy, since low-energy electrons are most 
susceptible to possible stray distorting fields at the 
emitter face. Note that in this type of plot absolute 
values of the ordinates are not of great significance, 
as they contain the photoelectric yield, the magni- 
tude of which may vary from surface to surface. 
The curvatures of the functions for InSb, GaAs, 
and germanium are similar for several tenths of an 
electron volt from the edge. The curves approxi- 
mately obey a power law of the form (Z,—£)?. In 
contrast, the function for BigTeg is more nearly of 
the form (Em—£)!. 'These features are in agree- 
ment with predictions based on our knowledge of 
the band structures of the materials. The valence 
bands of InSb and GaAs are expected to be similar 
to that of germanium."4-15) This similarity is not 
likely to extend to BigTe3, which has a hexagonal 
structure and is highly anisotropic. It can be con- 
sidered that the influence of the density of states 
on the function s(v, €)n(e) is sufficiently marked for 
the broad similarity between the valence bands of 


InSb, GaAs, 
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germanium, InSb, and GaAs to be revealed in the 
photoemission characteristics. The different form 
of N(£)/E for BigTeg would indicate that the den- 
sity of states does not vary as rapidly with energy 
as for the other materials in the range of —0-5 eV 
from the top of the valence band. A comparison is 
particularly noteworthy between the InSb and 
BigTe3, in which, because of high carrier concen- 
trations, possible surface barrier effects are less 
important. 


(c) The photoelectric process 

The results described here can be considered in 
relation to the nature of the photoelectric process. 
Evidence relevant to this point has been obtained 
from recent measurements on the photoemission 
from evaporated potassium films of controlled 
thickness") and from insulators.2?) The results 
on potassium would indicate that for this alkali 
metal the photoelectrons originate mainly intern- 
ally by a volume process, and not by a surface 
mechanism. For insulators such as Csg3Sb, APKER 
et al.“?) have explained the energy distributions 
found for external photoelectrons by postulating 
certain bulk processes involving electron—electron 
collisions, for the production of photoelectrons. 
These results for metals and non-conductors can 
be combined with the results reported here for 
semiconductors. 

If a volume photoelectric effect were dominant, 
one would expect agreement between the experi- 
mental values of A for the degenerate InSb and 
BigT eg crystals, and the corresponding known dis- 
tance between the valence band edge and the Fermi 
level in the interior of these materials. As des- 
cribed in Section 8(a), such agreement was found. 
Thus the features of the external photoelectric 
emission noted for the three classes of materials 
metals, semiconductors, and insulators—can be 
satisfactorily accounted for by assuming that the 
photoelectric effect takes place mainly as a volume 
process. This* would lessen the significance of 
much of the theoretical work that has been pub- 
lished on the photoelectric effect. With the excep- 
tion of the work of FAN“8), nearly all theories in 
the literature have considered a surface-effect 
model in which the light wave interacts with the 
surface field of the solid. It would appear, how- 
ever, that considerations of photon-induced inter- 
band transitions may be more appropriate. As yet 
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there is insufficient knowledge of the upper-lying 
energy states of most solids for any but the most 


general considerations to be used. However, the 
above evidence supports the interpretation in Sec- 
tion 8(b) of the quantity m(e) as a bulk density of 
states and the excitation probability s(v, «) as a 
quantity averaged over the appropriate excited 


states of the solid. 
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Abstract—Pure quadrupole resonance of !4Ne molecules trapped in 8 quinol clathrates has been 
observed at temperatures below 25°K. The resonance occurs at about 3-6 Mc/s and there is an ex- 
tensive fine structure of at least seven lines. The relative intensity, but not the frequency of these 
lines, was found to vary for samples under different conditions of annealing and concentration of 
trapped molecules. Studies of the Zeeman splitting of the resonance lines were made, and it was 
found that at these low temperatures the axes of the trapped molecules oscillate around the trigonal 


crystalline axis of the 8 quinol. The frequency of these oscillations was found to be 1°55 » 


10!2sec™! 


from preliminary measurements of the temperature-dependence of the pure quadrupole resonance. 
Measurement of the resonance under a hydrostatic pressure of 1790 lb./in.? showed only a very small 


frequency increase. 


1. INTRODUCTION 
H. M. Powe t and his collaborators“) have shown 
that in certain compounds, called clathrates, which 
crystallize in lattices with an open structure, 
foreign molecules of suitable dimensions can be 
trapped in the regularly spaced lattice holes. In the 
B quinone clathrates, which have a trigonal sym- 
metry,“) at most one molecule can be trapped in 
each hole. The chemical formula is 3CgH4(OH)2+ 
+xM, where M is the trapped molecule and x the 
concentration of the filled holes. It was found.) 
that certain enclosed molecules, such as O2, HCN 
and NO behave at room temperature like a free 
gas, but susceptibility measurements of Oz in the 
clathrate suggested that at low temperatures the 
molecules are no longer free to rotate in their 
cages.(4) O’BRIEN and VAN VLECK") devised then a 
theory explaining the susceptibility results in 
terms of oscillations of the molecule around a fixed 
axis, and this theory was confirmed by further sus- 


ceptibility measurements on Og clathrates below 


1°K) and by electron spin-resonance experi- 
ments. () 


+ Now at Department of Physics, Duke University, 
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It seemed interesting, on the other hand, to 
place a diamagnetic molecule possessing a nuclear 
quadrupole moment Q in the clathrate for the 
purpose of probing the environment by means of 
nuclear-resonance techniques. It is known that 
when a molecule with a nuclear quadrupole mo- 
ment rotates freely, pure quadrupole resonance 
cannot be observed, since the electric field gradient 
is averaged to zero over all spatial directions. On 
the other hand, when the molecule is exposed to 
surroundings which are able to make the expecta- 
tion direction of its axis an anisotropic one, reson- 
ance can be obtained. A study of the resonance- 
line structure in a clathrate could provide in- 
formation on the crystalline potential, while the 
temperature-dependence of the resonance fre- 
quency allows an evaluation of the mean oscillation 
frequency of the molecule inside the cage. 

Nitrogen Ngseemed particularly suitable for this 
purpose. It is relatively simple and 14N (96-6 per 
cent abundant, J=1) gives an intense pure 
quadrupole resonance line at 4-2°K in solid Ng at 
the frequency of 3-5 Mc/s. Since the field 
gradient at the nucleus is chiefly molecular one 
expects nearly the same frequency in the clathrate. 
The expected line intensity is lower, however, 
since the density of nitrogen in the clathrates is 
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of the order of 5 per cent of the density in solid 


nitrogen. 


2. EXPERIMENTAL RESULTS 

We have observed pure quadrupole resonance at 
low temperatures in the region of 3-6 Mc/s, using 
a Pound—Watkins radiofrequency spectrometer 
with Zeeman modulation. Measurements were 
largely made in the temperature region between 
4-2 and 1-5°K. The resonance frequencies were in- 
dependent of temperature in this range within ex- 
perimental accuracy. Instead of the single ab- 
sorption line of 14N observed by Scott“ in solid 
nitrogen, we found a group of at least seven lines 
with the following frequencies: 


he 
io) 


0- 
Q- 
Q- 
Q- 
Q: 
0- 
O- 


Seon 


> fe 0 


WW WY W bo WN bo 


WWW W WH WwW WwW 


These values represent an average over several 
runs. Within experimental accuracy their positions 
are symmetric about v4, but their shapes are not. 
A careful recording of the pattern is shown in 


Fig. 1. 
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Systematic experiments were undertaken to 
study the effect on the resonance pattern of the 
concentration of holes filled with nitrogen. This 
concentration could be varied between 0-2 and 0-8 
by changing the nitrogen gas pressure under which 
these crystals were grown from their solution. The 
method of Evans and RIcHaARDs') was used to 
grow eight different batches of crystals from solu- 
tions of quinol in m-propanol and in water. The 
peak frequencies were the same for all crystals, and 
this is considered a very significant fact for the 
interpretation of the experiment. However, the 
line intensities varied in an erratic way for these 
eight samples and therefore it has not been pos- 
sible to relate the line structure in any certain way 
to the differences in population of the holes. 

Studies of line intensity were carried out on the 
same sample as a function of storage time at room- 
temperature and annealing time at 65°C. This 
batch of crystals was grown at a pressure of 2000 
lb/in.2 and chemical analysis before and after 
annealing showed a decrease of Ne of up to 13 per 
cent. Thus some nitrogen molecules must be®cap- 
able of escaping from the holes and diffusing 
through the clathrate (possibly by means of empty 
holes or dislocations). The resulting change in line 
structure for these crystals was very marked 
(Fig. 2). Line vj and vg become continuously more 
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Fic. 1. Line structure recording of the pure quadrupole resonance of Nein f quinol. Sample 
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K. Arrows show the seven peaks. 
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Fic. 2. Effect of storage and annealing on a sample of Ne clathrate 
grown under 2000 lb/in.? on 20 June 1958. 


intense at the expense of the other lines. After 275 
hr of annealing, lines vg and v7 have almost com- 
pletely disappeared. 

At the present time these phenomena are not 
fully understood. Dipole—dipole interactions are 
too small to account for the structure and merely 
produce line-broadening. The annealing experi- 
ments and the constancy of the resonance fre- 
quencies eliminate the possibility of the structure 
being due to a coupling of the type J fi - Je. The 
X-ray data of PALIN and PoweLL) show that 
all the holes are equivalent, but it is felt that the 
only satisfactory explanation of our data is that, 
owing to slight distortions of the cages by the 
trapped molecules, the electric environments are 
not quite equivalent at all holes. Each cavity has 
two nearest-neighboring holes located respectively 
above and below it on the hexagonal axis at a 
distance of 5-6 A. There are essentially 12 next- 


nearest-neighboring holes located in four planes 
perpendicular to the trigonal axis containing three 
cavities each. Six of these are at a distance of 
9-5 A and six at 10-1 A. The lines probably arise 
from different field gradients resulting from various 
statistical combinations of filled and unfilled neigh- 
boring holes around a molecule in a given cavity 
with the consequently different lattice distortions. 
The changing of the pattern on annealing may re- 
present the relieving of strains by diffusion and loss 
of nitrogen as well as by possible annealing of the 
lattice itself. If this is true, it is likely that the re- 
sonance consists of more than seven lines with 
finer details not resolved. More experiments will 
be undertaken towards the understanding of the 
resonance structure. 

A study of the Zeeman splitting of the quadru- 
pole lines was made at 1-5°K in order to determine 
the orientation of the field-gradient symmetry axis 
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in the crystal. Since nearly all of the field gradient 
is molecular in origin, this determines the orienta- 
tion of the diatomic molecule as well. About eight 
of our best crystals (for signal-to-noise reasons the 
sample always consisted of a number of individual 
crystals) were aligned parallel to each other in the 
resonant coil with their axes perpendicular to the 
coil axis. A d.c. magnetic field H of 112 gauss was 
applied from a pair of Helmholtz coils in a direc- 


tion making an angle 6 between 90° and —90° with 
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experiment with theory is good, and it is thus seen 
that the field gradient tensors are axially sym- 
metric and are parallel to the crystalline axis of the 
clathrate compound. The diatomic molecule 
oscillates around this spin quantization direction 
with a frequency vo which is considerably larger 
than the spin-precession frequency. The effect of 
this oscillation is to reduce the electric field 
gradient at the nucleus. As the temperature in- 
creases, the oscillation amplitude increases and this 


FIG 
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3. Plot of the Zeeman splitting Av as a function of 


experimental points, drawn line: calculated 
from equation (1) 


the crystalline axis. For such a small field the Zee- 
man splitting is given by first-order perturbation 


theory for J l as 
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+(puH cos 6@)/h (1) 
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with ; 0-4036 nuclear magnetons.‘) This for- 
mula assumes that the electric field gradient tensor 
is cylindrically symmetric with g as its axial com- 
ponent. @ is the angle between the direction of H 
and the tensor axis. 

A simple splitting was observed, which was the 
same for each component of the structure and was 
maximum for 6 = 2°+3°. The uncertainty comes 
from a possible small misalignment of the crystals 
and the error in the measurement of the Zeeman 
splitting. The experimental results are presented 
in Fig. 3, where Av (24H cos 6)/h. For @ near 
90°, the scatter is large owing to overlapping of 
some lines in the structure. The agreement of 


’ 


results in a decrease of the quadrupole resonance 
frequency, v(7'). From this frequency shift, one 
can derive the frequency of oscillation. Using the 
theory of Bayer, one has for a molecule vibrating 
in two directions 

aa e hvy 1 
v(T) Q)— 
hvo 


kT 


mvol 


) -1 


exp 


h 





(T Q) ve{ 1— 


8 mvol 
where vy is the pure quadrupole frequency when 
the molecule is fixed in the cavity, and J is the 
momentum of inertia of the molecule J = 1-39x 
x 10-89 cgs. 

In an effort to determine vo, preliminary experi- 
ments were made of the temperature-dependence 
of the quadrupole resonance frequency. The 
results presented in Fig. 4 are not very accurate 
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because of the low signal-to-noise ratio. By fitting 
equation (2) to the experiments, a value of 
vo = (1:55+0-10) x 1012 was obtained, which can 
be compared to vo = 0:50x 1012 for the vibration 
of Og in the clathrates, as one can calculate from 





Fic. 4. Temperature-dependence of the pure quadrupole 

resonance frequency. v(T' = 0)—v(T) plotted versus T. 

) experimental points, drawn line: calculated from 
equation (2) with vo = 1°55 x 10!sec™!. 


susceptibility measurements.) These frequencies 
are in the same order of magnitude as the hindered 
rotation of groups in some organic molecules. (9-10) 
vz was found to be 4-040 Mc/s as average value for 
the line structure. 

Resonance measurements were also made at 
4-2°K, while the sample was subjected to hydro- 
static pressure of 1790 1b/in?. The resonant fre- 
quency was found to increase by about 2 kc, but 


accurate measurements could not be made because 
of the low signal-to-noise ratio in the high- 
pressure assembly at 4-2°K. 
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Abstract—Disordered polycrystalline nickel-manganese alloy specimens of about 20, 25 and 30 
atomic per cent manganese were cooled from 300 to 1-8°K in a magnetic field, and their magnetic 
hysteresis loops measured parallel to this field are found to be displaced from their symmetrical 
positions about the origin. Upon warm-up, the displacement of the loops decreases monotonically, 
vanishing at about 25, 35 and 75°K for the 20, 25 and 30 atomic per cent manganese specimens, re- 
spectively. The disappearance of this asymmetry with increasing temperature is accompanied by large 
hysteresis losses. ‘Torque measurements were made on the same specimens cooled to 4:2°K in a field 
perpendicular to the axis of rotation. For all compositions, the predominant anisotropy is unidirec- 
tional, with the easy direction the same as the direction of the field applied during cooling. The mag- 
nitude of this anisotropy decreases monotonically with increasing temperature, vanishing at the same 
temperatures as the asymmetry of the hysteresis loops. At these temperatures, the rotational hys- 
teresis rises to a maximum. These effects are believed to be due to exchange-anisotropy interactions 
between very small regions of ferromagnetic and antiferromagnetic spin order in these alloys at low 


temperatures. 


1. INTRODUCTION 
Tue development of strong ferromagnetism with 
increased atomic order in the nickel—-manganese 
alloy NigMn has been a subject of considerable 
investigation.) However, it was only recently dis- 
covered that this alloy in a disordered state has 
unusual magnetic properties at low tempera- 
tures. (2) Most strikingly, the magnetization of this 
disordered alloy for any field up to 7550 Oe was 
found to have a maximum value at about 25°K. 
Furthermore, at any temperature down to 1-5°K, 
its magnetization at the maximum field did not 
appear to be approaching a saturation value, 
although its estimated ferromagnetic Curie point 
was about 130°K. VOLKENSHTEIN ef al.) sub- 
sequently presented similar results for measure- 
ments made on disordered NigMn in fields up to 
18,000 Oe. More recent experiments™) revealed 
that in varying degree these peculiar magnetic 
properties were characteristic of disordered nickel- 
manganese alloys at least over the composition 
range of ~ 20-30 atomic per cent manganese; 
moreover, at any temperature down to that of 


liquid helium, the magnetizations of these alloys 


were still increasing with field at 100,000 Oe. 
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This anomalous magnetic behavior suggested 
the existence of antiferromagnetically as well as 
ferromagnetically aligned moments in these alloys 
at low temperatures. This interpretation was 
further supported by the discovery that the hys- 
teresis loop of the 26:5 per cent manganese speci- 
men, when cooled to 4:2°K in a magnetic field, was 
shifted from its symmetrical position about the 
origin.) A displaced hysteresis loop of this kind 
was first obtained for a compact of partially oxi- 
dized fine particles of cobalt that had been cooled 
in a magnetic field;) similar results have since 
been reported for UMnge cooled in a field. 
MEIKLEJOHN and BeaNn®) attributed their results to 
exchange interactions across the interfaces be- 
tween the ferromagnetic cobalt and the antiferro- 
magnetic cobaltous oxide. They proposed that 
these interactions give each cobalt particle an easy 
direction (rather than axis) of magnetization; 
furthermore, these directions take on a preferred 
orientation about the direction of the magnetic 
field in which the specimen is cooled, but are 
oriented at random when the cooling is done in 
zero field. Since this anisotropy is produced by ex- 
change interactions, it was called an exchange 
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anisotropy. The unidirectionality of this anisotropy 
in the cobalt-CoO system was demonstrated not 
only by the displaced hysteresis loop but also by a 
sin % variation of the torque on the specimen sus- 
pended in a field (whose direction makes an angle 
% with the direction of the field during cooling). 

We have recently reported on some magnetic 
hysteresis-loop and torque measurements made on 
disordered NigMn cooled to liquid-helium tem- 
peratures in a magnetic field. Although the 
results strongly support the existence of an ex- 
change-anisotropy mechanism in this alloy, they 
differ in important details from the predictions of 
the simple exchange-anisotropy model discussed 
above. ‘These measurements have now been ex- 
tended to a range of disordered alloys (centered at 
about NigMn) under a wider variety of experi- 
mental conditions. 


2. HYSTERESIS-LOOP MEASUREMENTS 

The three disordered polycrystalline alloys of 
the present work are the 21-6, 26-5 and 31-1 atomic 
per cent manganese specimens of reference 4 
(which had been quenched into water from 900°C). 
For the hysteresis-loop measurements, the ap- 
paratus and techniques described previously were 
used.(?-4) Each of the specimens was cooled from 
300 to 1-8°K under three different conditions: in a 
5000-Oe field applied parallel to the axis of mag- 
netization measurement (the cylindrical axis of the 
specimens), in a 5000-Oe field applied perpen- 
dicular to this axis, and in zero field. The hysteresis 
loops measured at 1-8°K for maximum fields of 
+8000 Oe are given in Fig. 1 as curves of mag- 
netization versus internal field, obtained after 
making appropriate corrections for demagnetiza- 
tion. For the case where the field during cooling 
was applied parallel to the measurement axis, it is 
evident that the hysteresis loops of all three alloys 
(solid curves, left in Fig. 1) have been displaced 
from their symmetrical positions about the origin. 
In fact, for each of the alloys, this displacement is 
so large compared to the thickness of the loop that 
both remanent magnetizations are positive (where 
the positive direction is that of the field during 
cooling). It follows that the two coercive fields are 
negative; both branches of the loop cross the H 
axis at about —200, —500 and —6000 Oe for the 
21-6, 26:5 and 31-1 per cent manganese alloys, 


respectively. 
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a=-@@======- a, 


0) NiMn 21-6 


Fic. 1(c) 


Fic. 1. Hysteresis loops of disordered alloys containing 
(a) 21-6, (b) 26-5 and (c) 31-1 atomic per cent manganese, 
measured at 1°8°K. Solid curves, left: specimens cooled 
in +5000-Oe field applied parallel to axis of measure- 
ment. Solid curves, right: specimens cooled in 5000-Oe 
field applied perpendicular to axis of measurement. 
Dashed curves, left and right: specimens cooled in zero 
field. 


This displaced-hysteresis-loop behavior is quali- 
tatively consistent with the unidirectional ex- 
change-anisotropy model. Moreover, this model 
predicts that a field applied perpendicular to the 
measurement axis during cooling would align the 
easy directions of magnetization preferentially 
about this perpendicular direction and give rise to 
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zero remanent magnetization along the measure- 
ment axis. This is experimentally borne out by the 
solid curves, right in Fig. 1 for all the alloy speci- 
mens. Similarly, for the specimens cooled in zero 
field, the simple exchange-anisotropy model pre- 
dicts a random alignment of easy directions of mag- 
netization and, hence, zero remanence. The dashed 
curves in Fig. 1 are clearly in agreement with this 
prediction. 

In detail, however, the hysteresis loops of Fig. 1 
suggest a serious departure from the simple 
exchange-anisotropy model. We note that the solid 
curves on the left give larger magnetizations than 
the corresponding dashed curves for all positive 
fields and for sufficiently large negative fields 
(except for the 31-1 per cent manganese specimen, 
where the negative fields required exceed the 
8000 Oe available for these measurements). This is 
reasonable because positive and negative fields for 
the former loops represent the easiest and hardest 
directions of magnetization, respectively, and be- 
cause even along this hard direction, in fields ex- 
ceeding the effective anisotropy field, the magnetiz- 
ation should be larger than in the latter cases where 
presumably the anisotropy directions are randomly 
oriented. Under these circumstances, however, 
these two sets of hysteresis loops would be ex- 
pected to converge much more rapidly at large 
positive and negative fields than is indicated in Fig. 
1. Moreover, the loops for the field during cooling 
applied perpendicular to the axis of measurement 
(solid curves, right) show larger magnetizations at 
all fields than the corresponding loops for zero 
field during cooling. The higher magnetizations in 
the directions midway between the easiest and 
hardest directions are not even qualitatively con- 
sistent with a simple anisotropy model. 

Each specimen, after being cooled from 300 to 
1-8°K in a 5000-Oe field applied in the direction of 
measurement, was allowed to warm up slowly, and 
its hysteresis loop (for maximum fields of +8000 
Oe) was measured at frequent temperature in- 
tervals. In Fig. 2(a), we define the average values 


of remanent magnetization and coercive field, M, 


and H,-, both of which are measures of the dis- 
placement of the hysteresis loop from the origin; 
we also define AM, and AH; as difference values of 
remanence and coercive field, which give some 
measure of the thickness of the loop. All these 
quantities taken from the measured hysteresis 
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loops are plotted against temperature in Figs. 2(b) 
and (c) for the different specimens. We note that 
M, and H; decrease monotonically with increasing 
temperature, vanishing at about 25, 35 and 75°K 


Ma = (My +M2 


AMp= |M)-M2 | 


He = x (Hi +H2 


Mp AND AM, IN EMU 


Fic. 2(c) 
Fic. 2. Average and difference values of remanence and 
coercive field, as defined in (a), plotted against tempera- 
ture in (b) and (c) for the 21-6, 26-5 and 31-1 atomic per 
cent manganese alloys cooled to 1°8°K in +5000-Oe 
field applied parallel to axis of measurement. 


for the 21-6, 26-5 and 31-1 per cent manganese 
alloys, respectively. It is also evident that for each 
specimen both AM, and AH, rise from essentially 
zero at O°K, reach a peak at a temperature where 
M, and H, have dropped to relatively small values 
and then decrease gradually at higher tempera- 
tures. 

According to the simple exchange-anisotropy 


model, if the antiferromagnetically aligned 
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moments, with which ferromagnetically aligned 
moments are interacting, are coupled rigidly to the 
crystal by large magnetocrystalline anisotropy 
forces, such a system when cooled in a field would 
exhibit a shifted hysteresis loop with practically no 
hysteresis losses. This appears to be a reasonable 
explanation of the thin but shifted hysteresis 
loops observed at the lowest temperatures. More- 
over, let us suppose that at some higher tempera- 
ture the crystal anisotropy energy of the anti- 
ferromagnetically aligned moments has decreased 
and become comparable with their energy of inter- 
action with the ferromagnetically aligned mo- 
ments. Then, the latter moments when turned by a 
reverse field would also reverse the former mo- 
ments, resulting in a rapid decrease of the dis- 
placement of the hysteresis loop from the origin. 
At that temperature, the reversals of the anti- 
ferromagnetically coupled moments can be ex- 
pected to be discontinuous and thus give rise to 
increased hysteresis losses. At still higher tem- 
peratures, if the crystal anisotropy decreases 
further, these reversals would become continuous 
and lossless. This suggested sequence of events can 
account for the experimental fact that for each alloy 
specimen the decrease of the shift of the hysteresis 
loop with increasing temperature was accompanied 
by a rapid rise and then a gradual decrease of the 
thickness of the loop, as shown in Fig. 2. A similar 
variation of the thickness of the hysteresis loops 
with temperature has been previously observed 
for the same specimens cooled in zero field. 
In the mechanism proposed above for these hyste- 
resis losses, only the relative strengths of the ex- 
change and crystal anisotropy forces are involved; 
the cooling in a field affects primarily the orienta- 
tion of these forces and hence would not alter the 
hysteresis losses. 

Hysteresis-loop measurements were also made 
on the specimens cooled from 300 to 4:2°K in a 
number of different fields applied along the axis of 
measurement. The results are shown in Fig. 3, 
where we have plotted the average values of re- 
manence and coercive field, as defined in Fig. 2(a), 
and the magnetizations at +4000 and +8000 Oe 
against Heooling, the field applied in the plus 
direction during cooling. It is clear that H¢ does 
not increase indefinitely with increasing Heooling 
for any of the alloys; instead, it appears to reach a 
steady value or, in the 31-1 per cent manganese 
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alloy, actually decreases at large values of Heooting. 
The variation of M, with Heooling, however, seems 
to depend more systematically on the composition 
of the alloy. For the 21-6 per cent manganese speci- 
men, M, is evidently close to a limiting value at an 
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Fic. 3(c) 
Fic. 3. Average values of remanence and coercive field, 
as defined in Fig. 2(a), and the magnetizations at +4000 
and +8000 Oe for the (a) 21:6, (b) 26:5 and (c) 31:1 
atomic per cent manganese alloys cooled to 4:2°K in 
various positive fields applied parallel to axis of measure- 
ment. 


Heooring of 5000 Oe. The M; versus Heooting plots 
for the other two compositions may be interpreted 
as indicative of a similar but slower saturating be- 
havior of M, with increasing Heooling- With in- 
creasing Hooling, the magnetizations at +4000 
and +8000 Oe also appear to be approaching 
limiting values at a rate that decreases as the man- 
ganese content of the alloy increases. 


3. MAGNETIC TORQUE MEASUREMENTS 

Torque measurements were made on the same 
specimens; each was suspended so that it could be 
rotated about its cylindrical axis in a magnetic field 
perpendicular to this axis. The results are shown 
in Fig. 4 for the specimens cooled from 300 to 
4-2°K in a5000-Oe field. The most striking feature 
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of the torque curves (L versus w%) is their pre- 
dominant sin ys component, the single easy direc- 
tion of magnetization being along % = 0, the direc- 
tion of the field applied during cooling. The ampli- 
tude of this unidirectional torque component, J, 
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c) Ni Mn 31: 
Fic. 4(c) 
Fic. 4. Torque, L, on the (a) 21-6, (b) 26-5 and (c) 31°1 
atomic per cent manganese specimens cooled to 4:2°K 
in 5000-Oe field applied along ¥ = 0. Left: L 
for clockwise (cw) and counterclockwise (ccw) rotation 
of specimen in 8000-Oe field. Right: amplitudes of sin ¥, 


versus wW 


and rotational hysteresis components of torque 


and Leu, 


sin 2 
(Li, Le 


measurement. 


has been plotted in Fig. 4 against the field of mea- 
surement. For the 21-6 and 26-5 per cent man- 
ganese alloys, it appears to have reached a steady 
value at a field less than 8000 Oe; presumably, for 
the 31-1 per cent manganese alloy, higher fields are 


respectively) plotted against field of 
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necessary for this to happen. In Fig. 4, the re- 
latively small amplitude of the sin 2% torque com- 
ponent (Le) and half the mean separation between 
the torque curves for clockwise and counterclock- 
wise rotation of the specimen (ry, where 27L Ry 
is the rotational hysteresis loss per revolution) are 
also plotted against the field of measurement. 
Higher harmonic components of the torque curves 
were found to be negligible. 

Similar experiments with the same specimens 
cooled to 4-2°K in zero field showed no variation of 
torque with the position angle % in any field of 
measurement. Hence, all the variations of torque 
with ¢ shown in Fig. 4 are entirely due to the field 
applied on the specimens during cooling. How- 
ever, the rotational hysteresis torque, Lry, mea- 
sured in any given field, was essentially the same 
whether the specimen was cooled in zero field or 
in 5000 Oe. This behavior is undoubtedly related 
to the fact that the losses associated with the hys- 
teresis loops of these alloys are also independent of 
the field applied during cooling. In the preceding 
section, this latter observation was shown to be 
consistent with the simple exchange-anisotropy 
model. Furthermore, according to this model, 
magnetic losses arise when the exchange coupling 
between the ferromagnetically and antiferro- 
magnetically aligned moments is comparable to the 
crystal anisotropy forces on the latter moments. 
These losses should then be independent of the 


applied field as long as it is large enough to turn all 
the ferromagnetically aligned moments. As shown 
in Fig. 4, this consequence of the exchange- 


anisotropy model is experimentally borne out for 
these alloys whose rotational hysteresis torque at 
4-2°K does not decrease with increasing field even 
at 8000 Oe. 

After each specimen had been cooled from 300 to 
4-2°K in a 5000-Oe field, its temperature was 
allowed to rise slowly, and its torque curves were 
measured in 2000 Oe. The temperature-depend- 
ence of the amplitude of the sins component of 
torque, Lj, and of the rotational hysteresis loss, 
Wry or 27Lpy, taken from these torque curves, is 
shown in Fig. 5. For each specimen, it is evident 
that LZ, decreases monotonically with increasing 
temperature, and, at the temperature where it has 
dropped to a relatively small value, Wry has risen 
to a maximum value. There is an obvious analogy 


between Fig. 5 and Figs. 2(b) and (c). This is 
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Fic. 5. Amplitude of sin % component of torque, /1, and 

rotational hysteresis loss from torque curves measured 

at 2000-Oe versus temperature for the (a) 21-6, (b) 

26:5 and (c) 31:1 atomic per cent manganese alloys 
cooled to 4:2°K in 5000 Oe. 


reasonable because Ly, like M; and He, is a measure 
of the unidirectional anisotropy produced by cool- 
ing the specimens in a field, while Wry, like AM, 
and AH, is a measure of the lossiness of the mag- 
netization process. 


4. CONCLUSIONS 

The results of our magnetic hysteresis-loop and 
torque measurements strongly suggest an ex- 
change-anisotropy mechanism and, hence, a co- 
existence of ferromagnetism and antiferromagnet- 
ism in nickel-manganese alloys at low tempera- 
tures. However, contrary to the predictions of the 
simple exchange-anisotropy model proposed by 
MEIKLEJOHN and BEAN for the cobalt—CoO system, 
the magnetic field applied to the alloy specimens 
during cooling does not simply give the exchange 
anisotropy a preferred orientation. Quite likely, this 
field also affects the type and degree of magnetic 
order in what presumably are very small regions of 
ferromagnetic and antiferromagnetic spin align- 
ment. Some recent neutron-diffraction experi- 
ments‘®) did not reveal any clear evidence for 
longe-range antiferromagnetic order in these alloys 
at low temperatures; this indicates that the anti- 
ferromagnetic regions, if present, must be very 
small. 

HaHN and KNELLER®) interpret the results of 
their recent magnetic measurements on nickel— 
manganese alloys subjected to different heat treat- 
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ments as indicative of very small regions of ordered 
NigMn phase in a matrix of disordered material. 
They report that this is the case even for the 
specimens quenched from well above the ordering 
temperature, for which they deduce an average dia- 
meter of about 20 A for the ordered regions. An 
exchange coupling between the ferromagnetically 
aligned spins of these small ordered regions and an 
antiferromagnetic matrix would provide a plausible 
basis for exchange anisotropy in these imperfectly 
disordered alloys. Alternatively, we may suppose 
that our specimens, which were rapidly quenched 
from well above the ordering temperature, have no 
long-range atomic order and that normal statistical 
composition fluctuations give rise to extremely 
small regions of ferromagnetic and antiferromag- 
netic spin order. The type of magnetic order of a 
given region presumably would be decided by a 
competition between antiferromagnetic interac- 
tions of Mn—Mn nearest-neighbor atoms and 
ferromagnetic interactions of Ni-Ni and Ni-Mn 
atom pairs, and would therefore depend on the 
local composition. 
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Abstract 


A new method is presented for calculating crystal field splittings. The method includes 


the effect of orthogonalization to ligand orbitals by grouping the latter terms into an effective repul- 


sive pote ntial 


It is shown by a very general argument that this repulsive potential should cancel to 


high accuracy the excess attractive potential obtained when point-ion ligands are replaced by 
distributed-charge ligands. This result therefore provides a qualitative justification for the empirical 
success of the VAN VLECK point-ion approximation for crystal fields. 


1. INTRODUCTION 

IN recent years crystal (ligand) field theory has 
been used with considerable success to interpret 
magnetic and spectroscopic data on transition and 
rare-earth metal ions.“) This success has been 
achieved by determining the crystal field splitting 
parameter, usually called Dg, empirically. Only a 
few a priori estimates of this parameter have been 
made. Most of the early investigators (e.g. VAN 
Vieck’?)) have merely computed the fields due to 
point charges or point dipoles at the positions of the 
ligands. These calculations have usually yielded 
good agreement with experiment. A more refined 
calculation was carried out by KLEINER®) for 
Cr - 6HoO. Kerner tried to take account of the 
finite charge distribution of the O-— ion. His result 
was in contradiction with experiment and he con- 
cluded that the approach based on free-atom wave 
functions was invalid. 

The purpose of this note is to provide a formal 
justification for HERRING’s suggestion™) that this 
result is a consequence of neglecting orthogonal- 
ization terms. We shall see that all effects due to the 
finite distribution of charge cancel to a good first 


approximation and that the usual estimates based 


on point ions are indeed well justified. 


Orthogonalization terms can be included by 
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representing them as an effective potential cal- 
culated from free-atom wave functions and term 
values. The method used for doing this here is 
similar to the one already proposed by KLEINMAN 
and the author) for calculating wave functions in 
metals and semiconductors. A description of the 
formalism is given in Section 2. A semi-quantita- 
tive discussion of the effective potential and the 
resulting values of Dg is given in Section 3. 


2. DERIVATION OF EFFECTIVE CRYSTAL FIELD 
We adopt here the ionic model for the crystal 
wave functions. The derivation of the effective 
crystal field is obtained by orthogonalizing the 
metal-ion wave function to the ligand wave func- 
tions. The metal-ion wave functions may be chosen 
to be orthogonal among themselves, as may the 
ligand wave functions. (Overlap of wave functions 
centered on different ligands may be neglected.) 
In this way we obtain an orthogonal set of wave 
functions; when Slater determinants are formed 
from these, only the usual direct and exchange 
terms will appear in the one-electron energies. In 
the derivation presented below, only the direct 
terms will be included explicitly; at the end of the 
section, the exchange terms will be discussed. 
Let the Hamiltonian for the free ion be #» and 
the perturbing crystal potential be Vc. As a con- 
crete example, consider Cr*** surrounded octa- 
hedrally by O--; for simplicity other ligands will 
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be neglected. Then let % denote a wave function of 
a d-electron centered on the Cr ion. To a good 
approximation (it will be seen later that the result 
is insensitive to small errors here), we have: 


yp dort - AjnimP jnim (1) 


j,n,l,m 


where cy denotes a free-ion Cr+++ d wave func- 
tion, djnim denotes afree-ion O-- wave function of 
quantum numbers , / and m centered on the jth 


ligand, and 


—(er, djnim)s (2) 


the last equation resulting from the requirement 
discussed above that the metal d wave function be 
orthogonal to all occupied orbitals of the ligands. 
The Schrédinger equation for % in terms of the 
complete crystal Hamiltonian # now reads 


Ajnlm 


H fs H ser+ b 3 Aju A djnim, 


j,n,l,m 


(Hot+Ve)bert+ > AjniEndjnim (3) 


j,n,lm 


‘ 
E(hert+ > Ajnim?jnim), 


j,n,l.m 


where we have taken advantage of the usual 
assumption that one can use free-atom wave func- 
tions in the crystal. Now equation (3) can be re- 
written as 
(Ho+VotVae)ber = Eber (4) 


where 


Vr > Vp 
red 


p2 (E—Eni(ber, dhjnim)Pjnim Ucr. 


j,n,lm 


The result displayed in equation (4) has a simple 
physical interpretation. It states that crystal field 
splittings may be calculated from free-ion wave 
functions providing the ligand potential V¢ is 
augmented by the effective repulsive potential Vp. 
From equation (5) we can see that the repulsive 
potential will have the ligand symmetry and that 
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it is small outside the ligands. It is important to 
notice also that the orthogonalization terms 
closely resemble a physical potential; in particular 
they are independent of the normalization of yr. 
Stated somewhat differently, if the spatial variation 
of cr is neglected compared to that of the occupied 
O-— orbitals (and this is a good approximation in 
the region of the ligand cores where the repulsive 
potential is large) then the repulsive potential is a 
linear operator. 

Let us consider the effective potential in the 
neighborhood of a ligand in more detail. Let 


- Ze 
"C > ——_— +V;) ¢ 
) ( | rr) + L (6) 


J 


where V;/ represents the difference between the 


point-ion potential and the “distributed potential”’ 
of the O-- ligand. Then the effective crystal 
potential near a ligand is 

Ze A Bae 

——— + Vi J+ VR’, (7) 


FF si 


V ot 


and the last two terms are large only in the region 
of the ligand core. From equation (7) we see that 
the perturbing crystal potential, including the effect 
of orthogonalization terms, can be calculated 
directly from the free-ion wave functions, with 
very little information required about the metal- 
ion wave function. 

Let us now consider the effect of the metal-ion 
wave function on the repulsive potential in some- 
what more detail. For this purpose we imagine the 
ligand potential to be large and spherically sym- 
metric within a sphere of radius R centered at the 
ligand. (Presumably R can be taken as the radius of 
the ligand ion.) Then all wave functions, including 
wer, in this region can be expanded in spherical 
harmonics with origin at the ligand: 


bor® = > fim(r) Yim(4, 4) (8) 


l,m 


where the superscript R has been added as a re- 
minder that we are in the region of the ligand core. 
(The advantage of this artifice is that no inter- 
ference terms between different /’s will appear.) It 
is easy to show that only values of / which appear 
in the ligand orbitals need be included in the ex- 
pansion; thus for an O-- ligand / = 0, 1. 





Suppose first that only one of the /jm’s is ap- 
preciable and that the others can be neglected. 
Then 

. Pnim 


» (En—E)anim » ’ (9) 
al Sinl’) Yin(9, ¢) 


n 


(10) 


Lni\) )} im(9, ¢), 


S (Eni—E)animgnil? )/Tim\7)- (11) 


n 
Thus the repulsive potential in this case is a func- 
tion of |r —r;| only. We shall investigate the analytic 
form given by equation (11) in more detail in the 
next section. 

In general more than one of the fjm’s will be 
large and in this case the repulsive terms are the 
sum of the separate terms for each / and m. To 
show this we return to equation (4) and compute 
(ucyA dcr), which is what is required in calcula- 
tions of Dg. From equations (8) and (10) we find: 


S (E—Eni){gnil7)f 
nim 


S finl”)V fim, (13) 
1. 


where Vp/!™ is defined in equation (11). By taking 
advantage of the orthogonality of the spherical 
harmonics in the region R, we also obtain: 


“ 


> { fim”) V 15 fim( )f- (14) 


(uh I Vr ber) 


l,m 
Combining equations (13) and (14), we find: 


(dor(VrI+VL)ber) 


> fim Y\(V rl™+V1))fim(r)}. (15) 


l,m 


We have arranged the terms in the way shown 
by equation (15) in order to display explicitly the 
large cancellation which takes place between the 
attractive potential Vz, and the repulsive potential 
Vr. This cancellation will be discussed in more 
quantitative terms in the next section. 

We must now consider the effect of exchange 
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terms on the above formulation. It is evident that 
our approach attempts to convert all the terms 
which arise from forming determinantal wave 
functions into an effective one-electron potential. 
Our “effective repulsive potential” represents just 
this for the terms which can be eliminated by 
orthogonalization. There remain the exchange 
terms which are not eliminated. However, 
SLATER) has shown that the exchange terms can 
also be approximated quite well, especially in core 
regions, by an average exchange potential. Using 
his arguments, we assume that the average ex- 
change potential has been included in Vz/; with 
this modification all the above results are valid 
with exchange included. 


3. QUANTITATIVE ESTIMATES OF lz 
No calculations have been carried out for O 
However KLEINMAN and the author) have con- 
structed an effective potential for the valence elec- 
trons in silicon in connection with a calculation 
of the energy bands of that crystal. These results 
will be presented so that the reader may have a 
concrete example of the very general argument we 
shall offer later concerning the order of magnitude 
of Vc+V pr. A detailed description of the method 
used to derive the potential is presented else- 


where. ©) 


Fic. 1. A schematic plot of the Fourier transforms of the 
attractive and repulsive s-potentials for silicon. 


We plot in Figs. 1 and 2 the Fourier transforms, 
1 ad 


Q2 


V; V(r) exp(ik « 7) d3y, (16) 


of Vc and Vp! for] = 0, 1 in silicon. Here Q is the 
volume of an atomic cell in silicon. We plot the 


Fourier transform because small values of k 
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correspond to a slowly-varying cr. The core levels 
in silicon have Ej; = —135 R, Eos = —11R and 
8 R. For the energy of the valence electron 
2R. 


Eop = - 
we have taken E = 


} 
| 


L 


Fic. 2. A schematic plot of the Fourier transforms of the 
attractive and repulsive p-potentials for silicon. 





Ke 


The effective potential for / = 0 is given by the 
difference of the two potentials shown in Fig. 1. 
The situation of valence electrons in neutral 
silicon outside the core is somewhat different from 
that of an electron outside an O-~ because the 
point-ion term in equation (7) is attractive rather 
than repulsive. Thus the electrostatic potential for 
O-- would bend down rather than up on the left- 
hand side of Fig. 1. However, in the case of neutral 
silicon also, the excess attractive potential due to 
the distributed charge is readily identified as the 
flat portion of the Vg curve on the right-hand side 
of Fig. 1. It will be observed that the repulsive 
potential cancels this potential to within about 
10 per cent. (Actually the repulsive potential is 
somewhat larger.) 

The case is somewhat different when / = 1. The 
results are shown in Fig. 2, and it can be seen that 
Vp” alone does not produce nearly so good a can- 
cellation as Vp* did. The reason for this is that the 
repulsive potential represents a means of including 
the kinetic energy arising from the radial nodes of 
the wave function in the core region. The angular 
energy in the core region is also large, however, and 
if it is included the resulting repulsive potential is 
strikingly similar to the s-repulsive potential (see 
Fig. 2). 

From equation (15) we see that the cancellation 
just described for s-states will make the right- 
hand side of equation (15) small for / = 0. This 
shows that the radial kinetic energy of the s-part of 
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ys in the ligand core region (which has been trans- 
formed into Vi) largely cancels the attractive 
potential of the ligand core. On the other hand for 
the p-part of the wave function we conclude that 
the radial plus the angular kinetic energy will 
again cancel the excess attractive energy in the 
core region. 

It seems very unlikely that the cancellation that 
we have just described is fortuitous, especially 
since such cancellation is required to obtain the 
observed rapid convergence in orthogonalized 
plane wave calculations. (For a more complete dis- 
cussion of this point see ref. 5.) In fact it is easy to 
see that such cancellation must occur. The core 
levels Ey, of all atoms heavier than carbon are 
known from X-ray data to satisfy the following re- 
lationship to a good approximation: 


En-1/En = 10. (17) 


Now the only effect that prevents yn; from collaps- 
ing towards y»_1; is the exclusion principle, which 
is reflected in the requirement that ys» be orthogonal 
to y%m_1. This in turn leads to an effective repulsive 
potential for ys», and if this potential did not cancel 
Vc to within about 10 per cent the experimental 
result (17) could not hold. 

We now apply this conclusion to the calculation 
of crystal field splittings, taking as an example 
KLEINER’s®) calculation of Dg for Cr*** - 6H20. 
If only the first term is included in equation (7), 
one obtains, with VAN VLECK®), 


Dq = 1000 cm-!, (18) 


a result in good agreement with experiment.) 
KLEINER has shown that the second term in equa- 
tion (7) contributes about —1500cm~!, which 
completely spoils the agreement. We have just 
shown, however, that the third term of equation 
(7), which is positive, should be about equal to the 
second in magnitude, or perhaps 10 per cent 
larger. For the third term then we have 1700+400 
cm~!, where the uncertainty quoted represents our 
estimate of the probable error associated with our 
general argument. Thus we find 


Dq = 1200+400 cm-!, (19) 


in good agreement with VAN VLECK’s original result. 

Recently TANABE and SuGANO) have attempted 
to correct KLEINER’s calculation by including over- 
lap integrals in the tight-binding formalism. They 
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obtain Dg = 4700 or 3800 cm—! after a correction 
has been applied.* They also quote an experi- 
mental value of 1700 cm-! which is much closer 


to our value (19). 

We now assert that, although their calculation is 
more elaborate, our results may be expected to be 
much more accurate. The reason for this can be 
seen if one imagines the repulsive potential ex- 
panded in spherical harmonics about the metal ion. 


Terms in / = 0, 2, 4, ... will appear. The terms in 
1 = 0 and 2 shift eg and fag levels equally, and the 
largest contribution to the crystal field splitting of 
the levels comes from the term / = 4. In TANABE 
and SuGANOo’s calculation this contribution appears 
as a small difference between two large terms con- 
sisting chiefly of / = 0 and 2 shifts and is therefore 
quite sensitive to calculational errors. They also 
calculate the repulsive and attractive terms (the 
last two terms of equation (7)) separately and then 
take the difference. We have calculated directly the 
difference between the two / = 4 terms thus ex- 
plicitly taking into account the cancellation de- 
picted in Figs. 1 and 2. (From orthogonalized 
plane wave calculations of energy bands in crystals 
(see, e.g., WOODRUFF®), it is well known that great 
care must be taken to ensure the required can- 
cellation between the attractive distributed poten- 
tial and the repulsive potential. This cancellation 
will not hold in general, e.g. for the SLATER ligand 
wave functions used by TANABE and SuGANo. (A 
more quantitative discussion of the inadequacy of 
functions has given by 
This argument suggests 


SLATER wave been 


MUKHER]JI and Das‘). 
that the agreement between our value and the ex- 
perimental value may not be fortuitous. 

We conclude with some comments regarding the 
significance of the foregoing results. The complete 
calculation of self-consistent wave functions and 
potentials for crystals containing metal-ion com- 
plexes represents a problem well beyond the 
limits of this paper. In spite of the apparent com- 
plexity of the problem, the point-ion approach has 
yielded remarkably good values for crystal field 


* The correction attempts to take into account the 
difference between Wcr*+ and wcr*+++. The correction is 
only half as large as that quoted by TANABE and SUGANO 
because the term proportional to the square of the over- 
lap integral changes in such a way as to cancel half the 

integral, which was the 


correction from the “‘resonance’”’ 


only correction included by them. 


splittings. We have tried to show here that this 
agreement is not accidental, but can be expected to 
follow from quite general arguments concerning 
the effective one-electron eigenvalue problem. In 
so doing we have arrived at rough conclusions con- 
cerning the cancellation which must take place if 
the point-ion approximation is to be valid. 

These conclusions are also of interest in con- 
nection with spin-orbit splittings and hyperfine 
interactions. MARSHALL”®) has recently shown that 
the observed values of these quantities can be 
understood if the metal-ion wave function ¢& is 
imagined to be more extended in the crystal than 
in the free atom; this explanation is also sup- 
ported by neutron form factors. (It appears that a 
similar explanation was previously proposed, for 
empirical reasons, by Kuropa and ITonH(!).) 
MarsHaL_"9 has proposed that this dilatation 
results from ‘screening’, while the “Fermi 
principle”’ has an opposite, but small, effect. These 
effects are readily recognized as our terms Vz 
and Vp, respectively. This suggests that the ob- 
served dilatation may have a somewhat more com- 
plicated origin, since the considerations presented 
is, if anything, slightly 


“c 


above suggest that Vp 
larger than Vz. 
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Abstract—The ordered alloy NiMn is found to be an antiferromagnet with a very high Néel tem- 
perature (> 600°K) on the basis of neutron-diffraction and magnetic-susceptibility measurements. 
The magnetic unit cell has lower symmetry than the tetragonal chemical cell; the moment directions 
are normal to the c-axis. The moments of nearest-neighbor manganese atoms (in planes normal to 
the c-axis) are antiparallel to each other. A detailed discussion of possible magnetic models is given; 


for all of them, umn 


= 4:0+0-1. It isinferred that uni is probably much less than 0-6. The magnetic 


anisotropy is discussed and compared to that of y-manganese. 


1. INTRODUCTION 
WE have found that the ordered alloy NiMn (Fig. 
1) is an antiferromagnet, and have established 
essential features of its magnetic structure. This 
investigation was undertaken not only because of a 





























Fic. 1. The tetragonal structure of NiMn. 
ao = 3:174 A co = 3°524A co/ao = 0:948 


general interest in the magnetic structures of 


metallic systems, but also to obtain further know- 
ledge regarding the magnetic interactions of nickel 
and manganese specifically. Disordered nickel-— 
manganese alloys containing 20-30 per cent 
manganese have been recently found to have un- 
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usual low-temperature magnetic properties) 
which can be attributed to competing antiferro- 
magnetic (Mn—Mn) and ferromagnetic (Ni-Mn 
and Ni-Ni) exchange interactions. Unfortunately, 
the neutron-diffraction effects—studied by us 
(unpublished)—are very small and subtle for these 
disordered alloys. No evidence of long-range mag- 
netic ordering could be found at 4-2°K, nor could 
there be discerned any changes in the nature of the 
diffuse scattering between 4:2 and 298°K. Ac- 
cordingly, ordered alloys seemed more promising, 
from the standpoint of neutron diffraction, for 
providing definite information about the magnetic 
state in the nickel-manganese system. 

A neutron-diffraction study of ordered NigMn 
has already been made, the results of which 
suggest that all the atomic magnetic moments of 
this alloy are ferromagnetically aligned. It should 
be noted that in perfectly ordered NigMn there are 
only Ni-Ni and Ni—Mn nearest neighbors. How- 
ever, the alloy NiMn, which occurs in an ordered 
form,®) also has Mn—Mn nearest neighbors whose 
presumably antiferromagnetic interactions can be 
expected to play a significant role. Consequently, a 
neutron-diffraction study and a magnetic investiga- 
tion of ordered NiMn were undertaken. 


2. SAMPLE PREPARATION AND ANALYSIS 

Equiatomic proportions of nickel and man- 
ganese were induction-melted in an argon atmo- 
sphere. From each of two ingots, a cylindrical 
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specimen, 0-50 in. long and 0-25 in. in diameter, 
was machined out for magnetic-susceptibility 
measurements. The remainder of each ingot was 
milled to give small chips for the neutron-diffrac- 
tion work. The chips, sealed in quartz, and the 
cylindrical specimens were then given the follow- 
ing heat treatment: 3 hr at 900°C, 1 hr each at 800, 
700, 650 and 600°C, furnace-cooled to room tem- 
perature. This heat treatment should result in 
well-ordered face-centered tetragonal®) NiMn. 
Chemical analyses of the two ingots gave 49-4 
atomic per cent manganese for the composition in 
both cases, indicating only a slight loss of man- 
ganese in the preparation. 

The X-ray diffraction data with CuK, radiation 
showed only the pattern of a tetragonal phase with 
lattice parameters differing but slightly from the 
values inferred for the above composition from the 
work of K6sTER and RavscHER™). These were 
ao 3-714 A, co 3-524 A, (+0-003 A for both), 
0-948 for the 4-atom C-centered cell of 
Fig. .. There was no evidence of superlattice re- 
flectons in the X-ray photographs taken with 
Culx,, as is to be expected from applying Hénl 
corrections. The most advantageous radiation for 


Co ao 


exhibiting the superlattice reflections is FeK,, 
wh:ch depresses the scattering factor of manganese 
considerably more than that of nickel. Photographs 
talen with FeK, did show all possible superlattice 
reflections quite sharply and established that the 
ordered structure consisted of planes parallel to 
(001) alternately all nickel or all manganese; the 
rules governing these reflections were h, k, / not all 
odd and not all even but with 4+ even. 


3. MAGNETIC-SUSCEPTIBILITY MEASUREMENTS 


Prior to the neutron-diffraction study, the mag- 
netization of one of the cylindrical polycrystalline 
specimens was measured in fields up to 8000 Oe 
from 1-8°K to room temperature. Over this entire 
temperature range, the volume susceptibility was 
found to have an essentially constant and field- 
independent value of approximately 6 x 10~° e.m.u. 
Since this value is abnormally high for Pauli para- 
magnetism, we inquired into the possibility that 
this susceptibility behavior is theoretically con- 
sistent with an antiferromagnetic state having a 
Néel temperature substantially above room tem- 
perature. 

If we assume that the magnetic state of ordered 
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NiMn is governed primarily by a strong anti- 
ferromagnetic exchange coupling between the 
moments of nearest-neighbor manganese atoms 
and that these moments form a two-sublattice 
system, we can express the volume susceptibility of 
a polycrystalline specimen at 0°K as) 


x = Ng*up?/620/, (1) 


where N is the number of manganese atoms per 
unit volume, g the Landé factor, wg the Bohr mag- 
neton, 29 the number of nearest neighbors of the 
opposite sublattice and J the exchange interaction 
coefficient. Furthermore, from molecular-field con- 
siderations, we may write for the Néel tempera- 
ture 


Ty = 2(z9—25)] S(S+1)/3k, 


where 2s is the number of nearest neighbors of the 
same sublattice, S the spin quantum number for 
manganese, and k the Boltzmann constant. Our 
neutron-diffraction results, discussed in the next 
section, suggest an extremely small moment for 
nickel in this alloy, which would justify the neglect 
of nickel in this computation. Moreover, these 
measurements reveal a two-sublattice antiferro- 
magnetic arrangement of manganese moments 
such that z9 = 4 and zs; = 0. Substituting these 
values of 29 and zs into equations (1) and (2) and 
then combining these equations, we obtain 


Ty = Noup2S(S+1)/9ky. (3) 


From the lattice-parameter values given in the 
previous section, NN 4-12 1022 manganese 
atoms/cm*. When this value for N, the experi- 
mental value given above for y and g = 2 are sub- 
stituted into equation (3), it is found that 


Ty ~ 190S(S+1). (4) 


Hence, if the number of Bohr magnetons per man- 
ganese atom, gS (i.e. 2.S in this approximation), is 
2, 3 or 4, the Néel temperature should be about 
380, 710 or 1140°K, respectively. 

Although any speculations based on equations 
(1) and (2) cannot be very reliable quantitatively, 
the results of this computation are probably 
meaningful to the extent that they predict a Néel 
temperature that is well above room temperature. 
This prediction is consistent with the original 
observation of a constant susceptibility between 
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liquid-helium and room temperatures for our 
polycrystalline specimen of ordered NiMn. 


4. NEUTRON-DIFFRACTION RESULTS 

The neutron-diffraction data were obtained at 
three temperatures (77, 298 and 600°K) for the 
polycrystalline chips, packed into aluminum 
cylinders. The patterns were the same with regard 
to the relative intensities of Bragg peaks, allowing 
for the effects of thermal motion. At 600°K, where 
the data are least accurate, a 10 per cent variation in 
intensity ratios could exist. Also, at all three tem- 
peratures, the background intensity was flat and 
free of any suggestion of special diffuse scattering 
effects. Fig. 2 shows a trace obtained at 77°K. 

It is apparent from Fig. 2 that in addition to the 
peaks due to the ordered NiMn structure, for 
which h+k = 2n, there occur peaks for which 
h+k = 2n+1; namely (100), (101), (102) and 
(211). The latter appear, then, to be of magnetic 
origin, and in support of this they indicate a form 
factor dependence with angle as expected for mag- 
netic reflections. The interpretation of the inten- 
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sities of these reflections constitutes the major part 
of this contribution and is given in the next sec- 
tion. It should be noted that since these intensities 
up to 600°K diminished only in accordance with 
thermal motion, the magnetic transformation tem- 
perature is presumably well above this tempera- 
ture. 

In regard to the nuclear reflections, quite satis- 
factory agreement was obtained for the ordered 
model, as may be judged from the data listed in 
Table 1. The superlattice reflections are much 
stronger than the fundamentals because of the 
opposite signs of the scattering factors of nickel and 
manganese (by; 1:03, by —()-36). For the 
superlattice reflections, J ~ (byi—4mn)?, and for 
the fundamentals J ~ (byi+6yn)2. Also, there is a 
great sensitivity of the intensity ratios to variation 
of composition. The best fit of calculated to ob- 
served intensities was obtained for a composition 
of 49 atomic per cent manganese, assuming that 
one layer of the structure is 100 per cent nickel 
and the other is 98 per cent manganese and 2 per 
cent nickel. This composition is in satisfactory 
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Fic. 2. Neutron-diffraction pattern of NiMn at 77°K. 
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Table 1. 
(arbitrary units) 


Calculated* 


456 
512 
186 
178 


* Calculated intensities are for Peman with umn 4-0, 
0 


+ Based on the form factor for Mn++ (Ref. 6). 


agreement with that from chemical analyses (49-4 
per cent) made on small portions of the large ingot 
which were used subsequently for the neutron- 
diffraction experiments. 

The intensities were calculated from the ex- 
pression px K (sin 6 sin 20)-! jnki\ Fax 2 
where K is a normalizing factor, (sin 6 sin 20)-! is 
the angular correction for a cylindrical specimen, 
jnki is the multiplicity and Fpx; is the structure 
factor. In the case of the magnetic intensities, 
Fyx1|2 was computed in the following way 


No absorption correction was applied, since its 
variation over the range of angles used was less 
than 1 per cent. Also, no temperature-factor cor- 
rection was made for the data at 77°K, because it 
was indicated to be considerably less than the error 
in the measured intensity. Such a correction was 
indicated particularly for the measurements at 
600°K, but it could not be evaluated reliably. The 
error in the intensities given in Table 1 is variable, 
but up to 20 = 33°, i.e. through (200), it is esti- 
mated to be ~ 5 per cent. For the rest of the in- 
tensities, where there were not as many repeated 
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Neutron intensities for NiMn at 77°K measurements, the error is approximately 10 per 


cent. 


5. THE MAGNETIC STRUCTURE 

The reflections with h+k = 2n+1, considered 
as magnetic, immediately suggest the antiparallel- 
ism of moments for atoms related by the C- 
centering, i.e. atomic moments in planes parallel 
to (001) are antiparallel to their nearest neighbors 
in the same planes. The simplest magnetic struc- 
tures, of tetragonal symmetry, would be those 
wherein the moments are parallel or antiparallel to 
[001]. Considerations of the magnetic intensities, 
however, exclude this possibility. For example, the 
relative intensities of (101) and (100) would be in 
the ratio of 1:2 rather than of essentially equal 
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Fic. 3. Possible magnetic structures of NiMn. 


magnitude as observed. The magnetic unit cell, 
therefore, is not tetragonal. 

On the other hand, several magnetic models of 
orthorhombic symmetry with the moments lying 
in planes parallel to (001) give very satisfactory in- 
tensity agreement. They differ principally as to the 
specific direction of the moments. They are de- 
picted in Fig. 3, examples (a) through (d), and 
described in Table 2. The space-group designa- 
tions are those of the Schubnikov groups‘) for 
black and white objects, which groups are appro- 
priate for describing magnetic structures as 
well.(9-10) It is noteworthy that all the ortho- 
rhombic structures have in common the result that 
un = 4:0+0-lyg and also that only small 
zero magnitudes are allowed for pyj. A rigorous 
solution of the intensity relationships, mainly for 
(100) and (101), yields the result that py; = 0-06 
for Pg man and Cq mma. The small intensity 
differences responsible for this result are not be- 
yond experimental error, so that pyj = 0 is quite 
acceptable. Furthermore, from our magnetic- 
susceptibility measurements, we can set an upper 
limit of 10-4 Bohr magneton per atom to any 
ferromagnetic component in ordered NiMn. 
Hence, if yi, though very small, exceeds this 
value, then the moments of nickel (as well as of 
manganese) must be arranged antiferromagnetic- 
ally, as shown in Fig. 3. 

The individual moments reported?) for ordered 
NigMn are pon = 3:2 and pyi = 0-3. Hence, our 
value of 4-0 Bohr magnetons for the moment of 
manganese in ordered NiMn is quite reasonable. 
Moreover, since the moment of nickel in ordered 
NigMn is about half that of pure nickel, it is not 
too strange that the moment of nickel in the more 
manganese-rich NiMn should be exceedingly 
small. This would suggest, incidentally, that the 
rapid decrease in the magnetization of the dis- 
ordered alloys with an increase of manganese con- 
centration from 20 to 30 per cent”) is due not only 
to antiferromagnetic alignment of moments but 
also to a decrease of yj in these alloys. 

The structure with space-group Pc man appears 
to be the simplest high-symmetry one in accord 
with the data. It is also the only one where the 
magnetic unit cell is the same as the chemical cell 
It might be argued that in those circumstances it be 
taken as the solution of the magnetic structure. Itis 
quite possible, however, for the magnetic structure 
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Table 2. Possible magnetic structures for NiMn 


Cell 


dimensions 


>t 


opace-group 2 


Orthorhombic Models 


3-714, CoO 3-524 


man 


‘a mma (1/2) ao, 


(\ 2) ao, 


Model 


Monoclinic 


(y 2) ao, Co co 


* Note that directions are for the 
t Formula weights per unit cell. 


to be of lower symmetry than that consistent with 


the information obtained from polycrystalline 


material. Accordingly, we have considered other 
alternatives of a simple nature. 

If the moment direction is chosen at 45° to the 
one for Pc man, then for the structure to be ortho- 
rhombic, the moments on the two kinds of atoms 
cannot be collinear but are at right angles. A 
C-centered cell of twice the volume of the chemical 
cell is the proper one and the space-group is 
C. mma (Fig. 3(b)). The result as to magnitude of 
the nickel moment is the same as for Pc man 
either px; = 0-06 or py; = O. If for both atoms a 
single-axis model is desired, with the moment 
direction along [110] (of the chemical cell), then 
the cell becomes monoclinic with space-group 
P,2/b (Fig. 3(e)). There is now indefiniteness as to 


the respective moments of the two kinds of atoms, 
the relationship between them being pmn?+pni? 

16-1. We wish to remark that the indefiniteness 
is mainly concerning the value of yi, but that 
/4Mn Cannot deviate appreciably from 4-0 yg. For 
0-6 as in pure nickel, 


example, if we assume pyij 
then mn = 3-95. We believe it very unlikely that 
uni exceeds this value, and that it probably is 
substantially lower. 

A still different way of making an antiparallel 
arrangement of nickel atoms and preserving ortho- 
rhombic symmetry is given by P mab’ (Fig. 3(c)). 
This model calls for the presence of reflections 


Direction of 


Mn 
moments* 


[100] 


[100] for Mn 
[010] for Ni 


[100] 
[100] 
[100] 


bMn-+ pNi” 


specific unit cel] indicated. 


which are not observed. For pyji < 0-3—not an 


impossibility—such reflections could escape detec- 
tion; the value of 4 mn would still be 4-0. 

In all the models discussed so far, the nickel 
atoms are made to be antiparallel within a layer 
parallel to (001) or to have no moment. Since the 
Ni-Ni exchange coupling is generally a ferromag- 
netic one, it is reasonable to inquire about the 
possibility that nearest neighbors of nickel within 
a (001) layer are parallel. The net moment may be 
made zero by choosing alternate ferromagnetic 
layers of nickel atoms with moments oriented in 
opposite directions. P mm'2’ (Fig. 3(d)) represents 
this situation. Again, reflections that have not been 
observed are called for, because of the doubling of 
the c-axis, but if wynj < 0-2, then such reflections 
would escape detection. 

So far we have taken the moment directions to 
be normal to the c-axis. It should be remarked that 
consideration has been given to the possibility 
that the moment directions are inclined at some 
other angle to the c-axis. Generally, the calculated 
intensities for such models are in serious disagree- 
ment with the observed ones. We have found only 
one possible solution. If the moments are oriented 
along [101] of the chemical cell, there is the 
special solution yn = ni = 2°8. We consider 
this an implausible result on physical grounds and 
consequently aver that it is essentially established 
that the moment directions are normal to the c-axis. 
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6. NEEL TEMPERATURE AND MAGNETIC 
ANISOTROPY 

Since the intensities of the neutron-diffraction 
reflections attributed to magnetic sources suggest 
essentially no loss of magnetization between 77 and 
600°K, it is presumed that the Néel temperature 
of this antiferromagnetic structure is well above 
600°K. When we substitute w yn = 2S = 4 into 
equation (4), a Néel temperature value of 1140°K 
is obtained. Hence, both our neutron-diffraction 
and magnetic-susceptibility measurements offer in- 
direct but consistent evidence for a very high Néel 
temperature. 

This high Néel temperature is presumably due 
to strong antiferromagnetic exchange interactions 
between the moments of nearest-neighbor man- 
ganese atoms. Let us further suppose that these 
interactions are not entirely isotropic and that, in 
addition to the usual isotropic Heisenberg term, 
the expression for the exchange energy contains an 
anisotropic pseudo-dipolar term. Specifically, we 


write 


2] Zz {Sj ° Spa Si + 145)(S;° rij)/1ij?}, (5) 


where « is an arbitrary dimensionless quantity and 
i? and j refer to nearest-neighbor atoms and rj; to 
the vector distance between them. If we now con- 
sider a sheet of manganese atoms perpendicular to 
the tetragonal axis of ordered NiMn and let the 
magnetic axis have the three simple orientations 


Vale sana “ieee” 
ee 


(a) (b) (c) 
Fic. 4. Models considered for the magnetic anisotropy 


of NiMn. 


shown in Figs 4(a), (b) and (c), we find from equa- 
tion (5) that the exchange energies (per manganese 
atom) are 


—4]S2 
E(c) = —4]S*(1+«/2). 


Thus, configurations (b) and (c) in Fig. 4, to which 
all the magnetic structures in Fig. 3 correspond, 
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have the same energy. Furthermore, in order that 
this energy be lower than that of configuration (a), 
% must be positive. 

In a recent study of the manganese—copper 
system, Bacon et al.“1) conclude that the face- 
centered tetragonal alloys of 80-95 per cent 
manganese, although atomically disordered, have 
an ordered antiferromagnetic structure. In this 
structure, for each plane of atoms perpendicular to 
the tetragonal axis, the moments are parallel to 
each other and antiparallel to those in adjacent 
planes. The magnetic axis was found to coincide 
with the tetragonal axis, as shown in Fig. 5(a). Let 


(a) (b) 


Fic. 5. Models considered for the magnetic anisotropy 
of y-manganese. 


us now compare this configuration (which by 
extrapolation can be expected to hold for pure 
y-manganese) with the configurations shown in 
Figs. 5(b) and (c), in which the magnetic axis is 
perpendicular to the tetragonal axis. If we assume, 
as we did for ordered NiMn, that the predominant 
exchange interactions are between nearest- 
neighbor manganese atoms and compute the ex- 
change energies of these configurations (per man- 
ganese atom) on the basis of equation (5), we find 
that 


E(a) = —4]S*(1+«) 
E(b) = E(c) = —4/]S?. 


Hence, in order that the experimentally deduced 
configuration for y-manganese have the lowest 
energy, « must once again be taken as positive. 
Since equation (5) with positive « successfully pre- 
dicts that in ordered NiMn and y-Mn the mag- 
netic axis is respectively perpendicular and parallel 
to the tetragonal axis, it is possible that this equa- 
tion is a fairly general expression for the aniso- 
tropic exchange interaction between the moments 
of nearest-neighbor manganese atoms in a metallic 
system. 
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7. CONCLUSIONS 

We conclude from the analysis of the neutron- 
diffraction data on ordered NiMn that the mo- 
ments are normal to the c-axis, that umn = 4°0+ 
+0-1, that the moments of nearest-neighbor 
manganese atoms are antiparallel to each other, 
and that the magnetic structure is of no higher 
symmetry than orthorhombic. Less definitely, we 
state that the specific direction for manganese 
moments is either [100] or [110], referred to the 


chemical cell, and that yj; is substantially less than 
Both 


susceptibility measurements indicate a very high 


0-6. neutron-diffraction and magnetic- 


Néel temperature. Although the magnetic aniso- 
tropy is different from that of y-manganese, they 
can both be qualitatively deduced from the same 


energy expression. 
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Abstract—Crystal-pulling and thermal-gradient crystallization techniques have been used to deter- 
mine the solid solubilities of aluminum and gallium in germanium in the ranges from 500 and 300°C, 
respectively, to the melting point of germanium. Both elements have maximum solubilities of the 
order of 1 atomic per cent. In addition, these systems are characterized by a relatively rapid variation 
of the distribution coefficient with temperature near the melting point of germanium. The form of 
the temperature-dependence of the distribution coefficient can be interpreted qualitatively in terms 
of departures from ideality in the liquid phase and of the effects due to ionization of these acceptor 


impurities in solid solution. 


1. INTRODUCTION 
IN previous work.) crystal-pulling and thermal- 
gradient techniques were used to determine the 
solid solubilities of tin in germanium and silicon. 
The present paper contains the results of similar 
studies on the solubilities of aluminum and gall- 
ium in germanium. Earlier work on the aluminum— 
and gallium-germanium systems includes the 
solidus-curve estimates of 'THURMOND and Kowat- 
CHIK reported by THURMOND et al.) ‘These esti- 
mates were obtained from the analysis of crystals 
recovered from slowly cooled melts. The reli- 
ability of the slow-cooling technique, as well as the 
thermal-gradient technique, has been questioned 
by HaL_®), who presented experimental evidence 
that the slow-cooling measurements on the indium- 
germanium system) were in error. It is evident 
from the data presented in this paper, and from the 
other experiments on the indium—germanium 
system,? that HALL’s criticism of the slow-cooling 
results is justified. However, the present data 
support the earlier conclusion) that the thermal- 


* Presented in part at the Electrochemical Society 
Meeting, New York, N.Y., 28 April, 1958. 

+ We have performed thermal-gradient and crystal- 
pulling experiments on the indium-germanium system 
which yield appreciably lower solubilities than those ob- 


tained from the slow-cooling measurements.) Un- 
fortunately, our results are rather ambiguous insofar as 
continued at foot of next column 
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gradient technique can be used to give reliable 
solubility data. 


2. EXPERIMENTAL 

(a) Materials 

The germanium, obtained from the Western 
Electric Company, was zone-refined material from 
which single crystals of near-intrinsic resistivity 
(> 40 Q-cm) could be grown. The gallium was 
Eagle-Picher electronic-grade material of > 99-999 
per cent purity. The aluminum used in most of 
these experiments was of unknown origin and was 
found by spectrochemical analysis to be > 99-98 
per cent pure. Although relatively impure, neither 
the aluminum nor the aluminum-doped german- 
ium contained detectable boron (< 0-005 per 
cent), the only element which would interfere 
significantly with the solid-solubility measure- 
ments. 


(b) Crystal-pulling experiments 
A conventional crystal-pulling machine was used 


the actual values of the solid solubility are concerned 
However, the available data indicate that the tempera- 
ture-dependence of the distribution coefficient is not 
described by the linear log k versus 1/T plot suggested 
by Hat"). It appears more probable that HALL’s ex- 
perimental points are fair approximations to the true 
solid solubility and not merely maximum values as he 


suggests. 
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to pull nine germanium single crystals from melts 


containing initially between 0-01 and 10 atomic 
per cent gallium. The crystals, rotated at 144 
rev min, were pulled at a rate of 0-5 cm/hr in the 
[111] direction under a hydrogen atmosphere. 
Growth of crystals of uniform diameter was en- 
couraged by the use of a seed crystal of the same 
diameter (12-25mm) as the desired grown 
crystal. There was no significant evaporation of 
gallium from the melt during the growth of the 
crystals. 

For the aluminum-doped crystals it was neces- 
sary to use the vacuum crystal-pulling machine 
described by BripGers and Kos), Six german- 
ium crystals, rotated at 125 rev/min, were pulled 
at 0-5-0-7 cm/hr in the [111] direction from melts 
containing initially between 0-25 and 8 atomic per 
cent aluminum. In spite of the presence of a slight 
surface contamination due to aluminum oxide, 
single crystals were obtained except in the case of 
the melt containing 8 per cent aluminum. 

Two experiments were performed in which both 
aluminum and gallium were added to the melt in 
an effort to determine whether the solid solubility 
of one element was affected by the presence of the 
other. These crystals were grown under vacuum 
in the [111] direction at a rotation rate of about 
120 rev min and a pull rate of 0-5 cm/hr. Equal 
melt concentrations of aluminum and gallium of 
0-1 and 1 atomic per cent were used in the two 
experiments. However, no effect was observed. 


(c) Thermal-gradient experiments 

A thermal-gradient technique, described in 
detail elsewhere,"1-2) was used with slight modifica- 
tions to grow gallium- and indium-doped ger- 
manium crystals. The temperature gradients 
ranged from about 2 to 10°C/cm, depending on 
the temperature, the larger gradients being used at 
lower temperatures to speed up the rate of growth. 
Leeds and Northrup Speedomax controllers were 
used to control the temperatures to within about 
+2-5°C over growth times ranging from about 
1 week to 3 months. The most spectacular growth 
was obtained in one experiment lasting for 3 
months at 300°C. Fig 1 shows a crystal grown from 
an indium-—germanium melt in this experiment. 

Two factors complicated the growth of the 
aluminum-doped germanium crystals. First, the 
fact that aluminum reacts with silica necessitated 
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the use of graphite or alumina crucibles. Second, 
since germanium sinks instead of floating in 
liquid aluminum, the temperature had to be kept 
lower in the top of the tube instead of in the 
bottom, as in previous experiments. This was 
necessary to prevent spurious nucleation and 
growth. Two successful experiments were per- 
formed. The method used in one of these experi- 
ments is illustrated schematically in Fig. 2. Here 














Fic. 2. Schematic diagram of one arrangement used for 

growing germanium from aluminum-germanium melt. 

The large germanium seed and the sliding graphite insert 

served as weights pushing the seed into contact with the 
liquid after melting of the aluminum. 


the germanium dissolves in the hotter, lower por- 
tion of the melt, diffuses up to the top where it 
precipitates and grows in the constriction in the 
upper portion of the crucible. 

In a third experiment, a modification of the 





Fic. 1. Germanium single crystal grown by the thermal-gradient method from an indium- 

germanium melt at about 300°C. The growth time was 3 months at a thermal gradient of 

about 10°C/cm. The natural growth faces are shown here. The crystal is about 1 cm in its 
longest dimension. 
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Fic. 4. Germanium single crystal grown by the method of Fig. 3. A slice has 
been removed to reveal more clearly the grown material at the lower end of 


the seed crystal. The growth took roughly 15 hr. 
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thermal-gradient method by stirring was used to 
obtain a single crystal of germanium from an 
aluminum-germanium melt. This method is 


illustrated in Fig. 3. Here, the vacuum crystal- 
pulling machine was used in the normal way with 


i 


ia«——ROTATING SEED HOLDER 
e 


GROWN Ge -~Ge SEED CRYSTAL 


DOPED WITH AL ~~~ 


Al-Ge MELT — 


EXCESS Ge —- GRAPHITE 


CRUCIBLE 


THERMOCOUPLE~ 


Fic. 3. Schematic diagram of the modification of the 

crystal-pulling apparatus for the growth of germanium 

from aluminum-germanium melts. The seed crystal is 
rotated, but is not withdrawn from the melt. 


two important modifications. The large quantity 
of germanium, in excess of that needed to saturate 
the aluminum at the desired temperature, remains 
at the bottom of the crucible on melting the alumi- 
num. After the melt has been heated to the desired 
temperature, a germanium seed is lowered into it. 
If the melt is not yet saturated with germanium 
(due to the time required for the dissolution of the 
original germanium) part of the seed will dissolve 
and further lowering of the seed is necessary. 
After the melt has become saturated, however, the 
natural thermal gradient leads to solution of the 
excess germanium and growth on the cooler, 
rotating seed crystal. No pulling is necessary. An 
example of the type of growth is shown in Fig. 4. 
Unfortunately, measurement of the actual growth 
temperature in the vacuum machine was not 
possible, so that this particular crystal was used 
only in the electrical measurements and not for 
solid-solubility measurements. 


(d) Chemical analyses 

In all cases two sections of the pulled and 
thermal-gradient crystals were analyzed for alumi- 
num or gallium by spectrophotometric tech- 
niques.6) Prior to analysis, the thermal-gradient 
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crystals were crushed and digested in hydrochloric 
acid to remove any occluded metal. The analyses 
are believed to be accurate to better than + 10 per 
cent in most cases. For the least heavily gallium- 
doped crystals, the analyses did not appear to be 
reliable. Possible reasons for this lack of reliability 
are discussed later. 


(e) Electrical measurements 

Hall-effect and resistivity measurements were 
made on a majority of the crystals grown in these 
experiments. The results of these measurements 
have been presented elsewhere.) The importance 
of these measurements here is that the very good 
internal consistency of the electrical and chemical 
measurements is strong evidence in support of the 
reliability of the solid-solubility measurements on 
aluminum and gallium. 


3. RESULTS 

The results of the crystal-pulling experiments 
on the aluminum-germanium and _=gallium— 
germanium systems are summarized in Table 1, 
which contains the distribution coefficient, 
k(= x5/x/-), as a function of the atom fraction of 
impurity in the melt, x’. The results of the 
thermal-gradient experiments are summarized in 
Table 2, which contains the solid solubility as a 
function of the growth temperature. Unless noted 
otherwise, the values of k in Tables 1 and 2 were 
obtained from chemical analyses. The solidus 
curves derived from these data are shown in Fig. 
5. For the crystal-pulling measurements, the 
temperatures were calculated from the correspond- 
ing melt compositions, assuming ideal-solution 
behavior for the germanium in the liquid and solid 
alloys. For the freezing-point lowering constant, 
we used the expression (1—k)RT's?2/AH s, where R 
is the gas constant, 7’; is the melting point of ger- 
manium (1210°K)®-% and AHy is the heat of 
fusion of germanium (8-1 kcal/g-atom).“° 

It is evident from Table 1 that the four chemical 
analyses on the two most lightly doped crystals 
scattered appreciably. These samples contained 
only of the order of 0-001-0-01 atomic per cent 
gallium. Aside from any difficulties encountered in 
the chemical analyses themselves, other possible 
sources of error include the presence of micro- 
occlusions of gallium during crystal growth and 
contamination during the etching and crushing 
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Table l. 


the aluminum- 


(a) Alumini 


0-071 
0-077 
0 -U6U 
0-069 
0-058 


0-054 


ORE, 
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x” Al 


0-0423 
0-0427 
0-0444 
0-0452 
0-0792 
0-0831 


) Gallium 


0-084* 


0-O85* 


0-O00089 
0-000093 
0-00103 
0-00132 
0-00307 
00-0037 


()-()1 


were based on resisti\ 


which were 


vses (see 


0-0227 
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0-0335 
0-0416 
0-0420 
0-0594 
00-0607 
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0-1032 
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Results of crystal-pulling experiments on 
and gallium—germanium systems 
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0-050 
0-049 
0-050 
0-047 
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0-078 
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0-069 
0-063 
0-063 
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0-052 


ity and Hall- 
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ses for these four samples were 0°13, 
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1 respective 
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0-0091 
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erratic 


of thermal-gradient experiments 


and gallium—germanium systems 


014 


021 


0-0062 
0-0097 


0064 
011 
020 
027 


0-0108 
00-0095 


treatment prior 


n I 


occiusions or 


to analysis. (The magnitude of 


such contamination, if present, 
would of course be negligible at the higher con- 
centrations, assuming they remained of the same 


order of magnitude.) In view of these possible 
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. 5. Aluminum-germanium and gallium-germanium 


solidus curves. 


sources of error, a more reliable estimate of im- 
purity concentration should be obtained by using 
the resistivities of these crystals in conjunction 
with the resistivity/concentration curve of refer- 
ence (7). The & values calculated from the re- 
sistivity data fit in quite reasonably with the chem- 
ical data for the more heavily doped crystals. It 
should be noted, however, that at these relatively 
low concentrations there is some question as to 
whether or not the degenerate formula for the Hall 
effect used in reference (7) applies, i.e. there is 
apparently no exact information available con- 
cerning the concentrations at which degeneracy 
sets in.* 

The temperature-dependence of the distribu- 


tion coefficient for these systems is shown in Fig. 


6 in the form of log k versus 1/7 plots. For the 


* The situation in p-type germanium is complicated 
by the contributions of two different types of holes with 
different mobilities. If the magnetic field of 4600 G used 
in the Hall-effect measurements of reference (7) is not 
sufficiently large, the degenerate formula would not be 
expected to be valid unless the hole mobilities were 
fortuitously equal (C. HERRING, private communication). 
For a discussion of the interpretation of Hall-effect mea- 
surements see, for example, CONWELL"), 
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thermal-gradient data, the liquidus compositions 
were obtained from the growth temperatures and 
the phase diagrams.“)) By extrapolation of the 
log k versus 1/T data, the most probable values of 
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Fic. 6. Plots of log k versus 1/T for the aluminum-— 
germanium and gallium-germanium systems. ‘The 
crystal-pulling data are shown in the expanded plot of 
the region near the melting point of germanium. 


k®, the distribution coefficient at the germanium 
melting point, have been obtained. These values 
are 0-073 for aluminum and 0-087 for gallium, and 
are thought to be accurate to within +10 per cent. 
(This estimate of the error assumes that the de- 
generate formula for the Hall effect is valid for the 
two lightly doped crystals, as discussed above.) 
In general, the solid solubilities obtained in the 
present study are lower than those reported by 
earlier workers. In the case of gallium, the value 
for k° of 0-087 compares favorably with the value 
of 0-10 quoted by Burton?) and Hai“!*), The 
agreement here is within the experimental errors 
claimed for these measurements. TTHURMOND and 
KOWALCHIK®), GREINER and BrerpT) and DE 
Rocue“!4) have considered the solid solubilities of 
gallium at lower temperatures. Qualitatively, these 
data are in agreement with our data in that the 
maximum solid solubility is of the order of 1 atomic 
per cent. At certain temperatures discrepancies are 
observed which appear to amount to differences of 
less than a factor of two. In the case of aluminum 
the value for k® of 0-073 is in only fair agreement 
with the value of 0-10 quoted by Burton“). In 
addition, the low-temperature data reported here 
differ appreciably from the slow-cooling mea- 
surements of THURMOND and KowWALCHIK®), the 
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discrepancy at some temperatures being about a 
factor of four. The very good consistency of the 
electrical and chemical measurements reported 
earlier provides strong evidence in support of 
the greater reliability of the solubility data re- 
ported here.* 


4. DISCUSSION 

Although the temperature-dependence of & for 
the aluminum-germanium and _ gallium—german- 
ium systems is very similar in form to the results 
obtained for the tin-germanium and tin-silicon 
systems, (2) the relatively rapid rise in k with tem- 
perature near the semiconductor melting points 
cannot reasonably be attributed to the same cause 
in all four cases. For the tin-germanium and tin- 
silicon systems, this behavior was explained in 
terms of the presence of significant positive de- 
partures from ideality (Raoult’s law) in the liquidus 
alloys at the higher temperatures and impurity 
concentrations. However, this explanation does not 
apply to the gallium—germanium system since the 
liquidus alloys appear to be nearly ideal, while in 
the aluminum-germanium system negative, in- 
stead of positive, departures from ideality are 
expected, (11-15) 

The failure of liquid-phase interactions to 
account for the observed variation of k with tem- 
perature indicates the presence of departures from 





* Recently, JoHN'°) has discussed some crystal- 
pulling experiments in which he grew germanium 
crystals from melts containing 63 and 55 atomic per cent 
gallium and aluminum, respectively. His resistivity mea- 
surements on these two crystals may be interpreted in 
terms of recent liquidus-curve()) and resistivity?) data 
to give values of k of 0-01 at ~ 660°C for gallium and 
0-002 at ~ 610°C for aluminum. (These figures differ 
from those quoted by JOHN, who used different liquidus 
data and assumed an arbitrary figure for the hole mobil- 
ity, lacking experimental data.) In the case of gallium, 
JOHN’s data point to a value of k ~ 40 per cent lower than 
our work indicates at the same temperature. This lack of 
agreement may well be due to experimental error. In the 
case of aluminum, however, the value of k inferred from 
JOHN’s data is lower by a factor of 8 than our data would 
indicate. The source of this discrepancy is not obvious. 
While our aluminum data appear to be more consistent 
with the gallium solubility results and with the resistivity 
data,‘”) it would certainly be desirable to repeat JOHN’s 
crystal-pulling experiments. There is the slight possibil- 
ity that, at the higher growth rates used by JOHN, a 
solubility lower than the equilibrium value would result 
if a rate-limiting step was present at the growing inter- 
face (C. D. THURMOND, private communication). 
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ideal dilute-solution behavior (Henry’s law) in the 
solid solutions of aluminum and gallium in ger- 
manium. Indeed, departures from Henry’s law in 
even very dilute solid solutions of donors or ac- 
ceptors in germanium are to be expected from the 
work of Reiss“®), 
ionization of the donor or acceptor on the equili- 
brium between the impurity in the solid solution 
and that in an external phase. If we assume that 
REIss’s treatment is applicable here, the equilibria 
in question are, for an acceptor element, M, 


VU(in liquidus alloy) M(in solidus alloy) = 

=> M~+e*(in solidus alloy) (1) 
where e* represents a free hole. The source of the 
departures from Henry’s law is apparent if the 
above equilibria are considered in terms of the 
activity of the impurity in the liquidus alloy, az, 
the atom fractions of the neutral and ionized ac- 
ceptor, X, and x;(x5s Xn+x;), and the activity 
coefficients, yz, ys and yy, defined by the relations 


aL = YIXL = ¥. ynXn (2) 


which are valid as long as the same standard state 
is used for both liquid and solid solutions.* It 
follows from equation (2) that ys, which relates 
the total impurity concentration, xs, to the activity 
in the liquid alloy, can be written as 


Yn Fy ( 3 ) 


Yn(Xn/Xs) 
where we let Fy, = (xn/xs), the fraction of the im- 
purity atoms which remain electrically neutral. If, 
as Reiss assumed, the neutral impurity obeys 
Henry’s law (y» 1s constant at a given temperature), 
any variation of F, with the impurity concentra- 
tion will result in a like variation of ys. Hence, the 
impurity concentration, xs, would not be directly 
proportional to ay and there would result a de- 
parture from Henry’s law owing to the ionization 
of the acceptor. 
The effect of ionization on the magnitude and 
temperature-dependence of k can be obtained by 
* These relations follow from the requirement that at 
equilibrium the chemical potentials of a given compon- 
ent must be equal in the different phases. The activity 
ar is defined by the relation py = n° +RTI1n az, where 
up and p® are the chemical potentials of the impurity in 
the liquidus alloy and in the standard state (e.g. pure 
liquid or pure solid impurity). 


PORBANSKY 


who considered the effect of 


and A. A. TARTAGLIA 


combining equations (2) and (3) to give: 


Xs/*XL YL/Yn Fy 


0 In YL 
01/T liquidus 


0 In Fy 
— “| 


solidus 01/7 
Thus, the temperature-dependence of k depends 
on: (1) the variation of yz along the liquidus curve, 
(2) the variation of yy, along the solidus curve and 


6 
0 Inyn 


solidus 


(3) the change in the degree of ionization, as re- 
presented by Fy, along the solidus curve. Un- 
fortunately, no quantitative experimental data are 
available on any of these three quantities. How- 
ever, certain reasonable assumptions and approxi- 
mations can be made which allow one to predict at 
least qualitatively the general form of the change in 
k with temperature. The assumption that the 
neutral impurity obeys Henry’s law permits the 
approximation to be made that 


| 


where (H,, H®) is the differential heat of solution 
of the neutral impurity in the solid solution. 
[Selecting as our standard state the pure liquid 
impurity, (Hn H®) corresponds to the heat of the 
reaction M (pure liquid) = M (neutral, in solid 
solution).] Furthermore, we may reasonably ex- 
pect that (H,—H®) will vary only slightly with 
temperature, in which case the terms in equation 
(6) would be essentially constant. Therefore, if no 
ionization effects were present and if the liquid- 
phase departures from ideality were negligible, we 
would expect a log k versus 1/T plot to be linear. 
Thus, we may consider the (¢In yz/01/T) and 
(ln F,/01/T) terms in equation (5) as perturba- 
tions causing the log k versus 1/T plots to deviate 


H,—H° 
a1/T /~ a 


n 


0 Inyn 


(a T 


Oln yp 


(6) 


solidus 


from linearity. 

Let us now apply the above considerations to a 
specific case, the gallium—germanium system. The 
situation for this system is simplified by the fact 
that the liquidus alloys appear to be nearly 
ideal,1-15) so that the term (¢ In yz/é 1/T) can be 
neglected. Hence, if our assumptions are correct, 
the observed departures from linearity of the 
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log k versus 1/T plot for the gallium—germanium 
system must be due to ionization as expressed in 
the (6 In F,/é 1/T) term. The calculation of F, for 
both the gallium-germanium and aluminum-— 
germanium systems is complicated by the fact that 
the solid solutions, which contain as many as 
5 x 102° impurity atoms/cm, are highly degener- 
ate over much of the temperature range. In ad- 
dition, little is known about the band structure of 
germanium at high temperatures. However, as a 
first approximation, estimates of F, have been 
made by the method of BLAKEMoRE®”, who cal- 
culated the variation of the Fermi level in ger- 
manium with temperature and impurity con- 
centration on the basis of a very simple band model 
and simple Fermi—Dirac statistics. With this ap- 
proach, the results indicate that in the range 300— 
800°C, where the solidus alloys are highly de- 
generate, F, varies only slightly in the range 
0-85-0-9, while above 800°C, F, falls relatively 
rapidly to a value of about 0-4 at the melting point 
of germanium, where the solid solubility goes to 
zero.* From these estimates of F, and equations 
(4) and (5), one would predict that the log k versus 
1/T plot would depart only slightly from linearity 
between 300 and 800°C, while at higher tem- 
peratures k would rise relatively rapidly. It is 
evident from Fig. 6 that this prediction is at least 
qualitatively in agreement with the experimental 
results. Quantitatively, the magnitude of the 
predicted rise in k is within a factor of two of the 
observed rise at the high temperature. Similar 
agreement is found for the aluminum—germanium 
system when the non-ideality of the liquid solu- 


* Since BLAKEMORE assumes that the valence band 
overlaps the impurity band at high impurity concentra- 
tions, it follows that, although F,, may be nearly unity, 
each acceptor impurity essentially contributes a hole to 
the valence band. Thus, the distinction between a “‘neu- 
tral’’ and an “‘ionized’’ impurity becomes, perhaps, a 
matter of definition, and it should be emphasized that 
here F,, is simply the fraction of empty acceptor levels as 
given by BLAKEMORE’s treatment. 
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tions is considered. A detailed analysis of the avail- 
able solid-solubility data for a number of ger- 
manium alloy systems, including aluminum-— 
germanium and gallium—germanium, in terms of 
ionization and liquid-phase interactions is in pre- 
paration and will be published elsewhere. 8) 
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ON THE THERMAL EXPANSION AND GRUNEISEN 
FACTOR OF VITREOUS SILICA 


D. F. GIBBONS 


Bell Telephone Laboratories, Murray Hill, New Jersey 


(Received 13 April 1959) 


Abstract—The expansivity and linear thermal-expansion coefficient of vitreous silica have been 
measured between 4:2 and 140°K. Below 130°K the expansivity A//l273.2is somewhat greater than the 
value from previous measurements. This difference may be due to variations in manufacture of such 
a noncrystalline solid. The Griineisen factor, y, is calculated and its variation with reduced tempera- 
ture T/@~ is compared with that of silicon and indium antimonide. In contrast to these crystalline 
solids, the temperature variation of y for vitreous silica is dictated by the 1/C,, term in the tempera- 


ture region investigated. 


THE variation of the Griineisen factor with tem- 
perature can give information about the lattice- 
vibration spectrum of solids. Recently, both 
BARRON“) and BLACKMAN) have considered the 
theoretical aspects of this problem. In particular, 
solids for which the Griineisen factor has negative 
values (i.e. solids for which the volume coefficient 
of thermal expansion is negative) have been con- 


sidered by the above authors. The validity of 
BARRON’s general arguments was demonstrated) 


by comparison with measurements on germanium, 
silicon, indium antimonide and vitreous silica, a 
noncrystalline solid. However, thermal-expansion 
data were not available for vitreous silica below 
123°K, the beginning of the interesting region. The 
purpose of the present work was to obtain data on 
the coefficient of linear thermal expansion of 
vitreous silica between 4 and 130°K and to evalu- 
ate Griineisen’s factor over the interesting tem- 
perature range. 

The specimens, after grinding from optical- 
quality vitreous silica (Amersil Co.), were an- 
nealed at 800°C to remove internal stresses before 
the measurements were made. The expansivity f, 
[Al/J273.2] was measured by an optical interfero- 
meter described elsewhere.) Temperatures could 
be controlled to within +0-05°K. The minimum 
in the expansivity, 8, from the present investiga- 


tion was calculated to be 17-5 10-6, which 


agrees well with the value of —18-0x10-® re- 
ported by Beattie et al.) and is certainly within 
the experimental accuracy.* 

Fig. 1 shows the values of expansivity, 8, ob- 
tained in the present work and also those of 





T 


EXPANSIV 














TEMPERAT N DEGREES KELVIN 

Fic. 1. Expansivity of vitreous silica. The full curve is 

that reported by Beattie et al.4) The points A, below 

130°K, are taken from Beattir’s Table 1, p. 375, and 

were not used in calculating the full curve. The points O 
are for the present work. 


* In both this work and that of BEATTIE, changes in 
length could be measured to an accuracy of better than 
0-05 of a fringe spacing, giving a resolution of ~ 150 A. 
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BEATTIE et al. Below 140°K there is some deviation 
between the present results and those of BEATTIE; 
however, since vitreous silica is a noncrystalline 
solid, the origin of this deviation may be inherent 
in the specimens, as they were from different sup- 
pliers and twenty years apart in manufacture. Table 
1, which contains the average of three separate 


Table 1. Expansivity and coefficient of linear thermal 
expansion of vitreous silica 





runs, gives values for expansivity, 8, and linear 
thermal-expansion coefficient «[(1/1)(dl/dT)p] be- 
tween 10 and 140°K. It is of interest to note that 
the maximum in the thermal-expansion coefficient 
occurs at approximately 40°K, and at 4-2°K the 
volume of vitreous silica is 0-024 per cent greater 
that at 273-2°K. 

The Griineisen factor, y, is given by the ex- 
pression 


The data of Frne®) for compressibility, y, and of 
WestruM®) for Cy used in calculating y were for 
vitreous silica from the same supplier; V was taken 
as 27:4 cm? mole-!. Fig. 2 shows y as a function of 
reduced temperature 7'/6,,, where 6,, is the high- 
temperature Debye limit and i is 495° K. The curves 


for y versus 7/6,, for silicon and indium anti- 
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monide are shown for comparison. The value of y 
for vitreous silica starts to decrease rapidly in the 
region of T/@,, = 0-2, the change being similar to 
that for silicon and indium antimonide. In crystal- 
line silicon and indium antimonide, the rate of 
change of Cy with temperature is considerably less 
(by a factor of approximately 15) than that of «, and 
so the minimum in « is exhibited in the Griineisen 
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a function of T/A. 


214°K; 


Fic. 2. Griineisen’s factor y as 
Silicon, 0a = 674°K; indium antimonide, 4. = 
vitreous silica, 44 495°K. 


factor y. In the case of vitreous silica, however, the 
reverse is true, and so the minimum in «is masked. 
As has been pointed out by ANDERSON), up to 80 
per cent of the thermal energy below 50°K arises 
from non-acoustic sources, and this is responsible 
for the strong temperature-dependence of Cy 
below 50°K. In the temperature region investi- 
gated, therefore, the 1/C, term dominates the ex- 
pression for the Griineisen factor. 

The results on Griineisen’s factor, y, 
agreement with BARRON’s general expectation that 
it will fall off most rapidly in the region below 
T/0,, ~~ 9-3, but they do nothing to clear up the 
confusion which exists in the understanding of 
vitreous silica at low temperatures; there is an 
enormous discrepancy between the Debye tem- 
perature, 0,,, obtained from acoustic techniques 
(495°K) and that obtained from thermal measure- 
ments (374°K).) 


show 
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Abstract—Comparison of the measured heat capacity of ice with that of crystalline hydrogen per- 
oxide reveals some unusual features in the former. For instance, the translational heat capacity of 
ordinary ice below 100°K bears no resemblance to a Debye curve. In that range the values of @p in- 
crease considerably with temperature: from 192° at 10°K up to 318° at ~ 100° K for ordinary ice, 
and from 180° at 15°K up to 300° at ~ 80°K for heavy (D2O) ice. Various criteria point to the high- 
temperature limiting values of 8p as the normal ones. Like the zero-point entropy, the anomalously 
large heat capacity of ice below 100°K must be a consequence of frozen-in disorder. Calculations of 
the thermodynamic functions of ice and crystalline hydrogen peroxide, based partly on spectroscopic 
data, support the view that the order—disorder transition in ice would be of the \ type, with a ) point 
in the neighbourhood of 80°K. On structural grounds, the occurrence of Bjerrum defects in ice 


is ruled out. 


1. INTRODUCTION 
THE exceptional behaviour of certain physical 
properties of ordinary ice has been generally inter- 


preted as an indication of disorder in its crystal 


structure. From recent discussions of that much- 
debated problem, it appears that disorder in ice 
must be of two different kinds: one, due to the 
statistical positions of the hydrogen atoms, ) 
which is responsible for the zero-point entropy and 
also, presumably, for the glass-like appearance of 
the molecular spectra‘): the other, related to an 
apparent mobility of the HzO molecules in the 
temperature range just below the melting point, 
which could account for such phenomena as the 
unusually large dielectric constant of ice down to 
about —70°C,) the streaking of X-ray diffraction 
patterns, the so-called “slickness’’ of ice) &c. 
Intuitively one would expect such major disorder 
to be reflected in the thermodynamic properties. 
Since accurate heat-capacity data are available for 
ordinary ice down to 10°K®) and for DeO ice 
down to 15°K, the question arises: In what re- 
spect are these quantities unusual if so? 

* Presented in part at the Fourth Congress of the 
International Union of Crystallography in Montreal, 
July 1957. 


2. THE HEAT CAPACITY OF ICE 

The existing theories of the heat capacity of 
solids have been quite successful in the case of 
simple atomic and ionic crystals. For molecular 
crystals the situation is much less advanced because 
of the lack of experimental data and the great 
diversity of structures encountered. What is 
usually done is to make an attempt to calculate the 
translational contributions by means of a Debye 
function, using a single characteristic temperature 
6p (generally from calorimetric measurements), 
and the vibrational contributions through Planck- 
Einstein functions, using experimental (infrared 
and Raman) frequencies. The contribution of the 
internal modes is estimated as for the free mole- 
cules. Agreement between the calculated and the 
measured heat-capacity curves is often surprisingly 
good under the circumstances. However, this is no 
proof of the correctness of the method, but rather 
a consequence of the fact that the calculated 
thermodynamic functions are not very sensitive to 
a particular choice of frequencies. 

Nevertheless, in the case of ice the above pro- 
cedure turns out to be entirely inapplicable. 
Indeed, the translational heat capacity—the only 
one appreciably active below 100°K in ordinary 
ice—cannot be assimilated even roughly to a 
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Comparison of the translational heat capacity of ice and hydrogen peroxide with Debye 


functions 


HeO ice 


T(°K) | Obs. | @d 192 Op 318 T(°K)| Obs. 6p = 180° | Op 300° | T(°K) | 


15 
20 
30 
40 
50 
80 


0-015 
0-12 
0-39 
0-85 
1°42 
79 


0-066 0-066 
0-490 
0-984 
1-466 
1-896 


3-796 


DeO ice 


Obs. Ap 
0-062 
0-298 
0-88 
1-65 
2°43 


0-062 | 
0-295 
0-872 
1-648 
2:40* 


12 
20 
30 
40 


50 


0-058 
0-14 
0-46 
0:96 
1-58 
3-23 


* Corrected for the librational heat capacity. 


Debye curve with a single value of @p. If the latter 
be taken as 192° (from the calorimetric data at 
12°K) then the calculated value of Cy, becomes 
altogether too large at higher temperatures (Table 
1); conversely, a much higher value of 6p, 318°, 
yields the correct value of Cy, at about 100°K, but 
too small values at lower temperatures. A similar 
situation obtains in heavy ice, for which the corre- 
sponding values of @p are 180° and 300°. Whether 
or not this peculiarity is specific to ice may be in- 
ferred from comparison with related compounds. 
Without doubt hydrogen peroxide is the substance 
par excellence for comparison with water, since 
both have the same type of crystal structure, 
namely a three-dimensional lattice of hydrogen 
bond 


other hand, hydrogen peroxide shows none of the 


s of the same strength and length.) On the 
anomalies of the water substance such as residual 
entropy, expansion on freezing, temperature of 
maximum density of the liquid, &c. Therefore, it 
is of great interest that the measured heat capacity 
follows quite 


(Y) 


of crystalline hydrogen peroxide 
closely a Debye curve, with the calorimetric 
6) = 234° up to 50°K (Table 1) and even higher 
when appropriate correction for the contribution 
of other modes is made as explained below. 

A plot of @p against temperature illustrates 
further the singularity of ice in that respect. As 
shown in Fig. 1, for various hydrides of the first- 
row elements, 6p is fairly constant at low tempera- 
tures, i.e. for translation only, until other degrees 
of freedom come into play, whereupon @p begins to 
decrease. In striking contrast, for ice and heavy ice 
6p increases regularly from the low-temperature 
limiting value up to a maximum in the neighbour- 
hood of 100°K. For DeO ice, the maximum value 


60 
T, % 
: ‘ 
Fic. 1. Variation of 6p with temperature for a few simple 


hydrides. 


of Op is reached at ~ 80°K; because of the larger 
moments of inertia of the isotopic molecule, the 
vibrational contribution noticeable at 
100°K. Again, considering the great similarity of 
ice and hydrogen peroxide, the former, because of 


becomes 


its smaller molecular mass, should have the lower 


. 2. Low-temperature heat capacity of ice and crystal- 
line hydrogen peroxide. 





ON THE ANOMALOUS 


translational heat capacity at all temperatures, 
contrary to observation (Fig. 2). In fact both 
crystals have the same value of the calorimetric 
entropy at ~ 55°. 


3. THE @ VALUES OF ICE 


A number of relationships have been proposed 
to calculate 0, the characteristic temperature of a 
crystal, from various physical properties. As 
pointed out by BLACKMAN), these various values 
of @ cannot be expected to be equal. Most of the 
relationships have been derived for simple metallic 
or ionic lattices (cubic system only) and some in- 
clude semi-empirical constants. Therefore their 
application to other types of crystals must be 
viewed with caution.* An early attempt to cal- 
culate the heat capacity of ice by means of one of 
these equations had led NeRnst“®) to postulate 
double molecules, (H2O)s, in the solid state. More 
recently, a set of acoustic frequencies was derived 
from the elastic constants of ice,“4) which led to the 
improbable value 6 ~ 100°.45) In the following 
paragraphs some of these relationships are used in 
a comparative manner only. 


(a) Lindemann’s equation 
According to LINDEMANN, @ for a crystal is re- 
lated to its melting point 7'm as follows: 


; Tm 

rf 

MV? ; 
where B is a constant for crystals of the same kind, 
M the molecular weight and V the molecular 
volume. Since ice and crystalline hydrogen per- 
oxide have very nearly the same melting point and 
molecular volume, ® their 6 values should be in 
the inverse half-power ratio of the molecular 
weight; hence 04 0 = 9H,,0,1/(34/18) = 320°, in 
good agreement with the maximum value of the 
calorimetric 0p (Fig. 1). The near coincidence of 


* The reverse procedure was followed by Owston(), 
who estimated the mean amplitude of thermal motions 
of the molecules from @p. Using the values 192° for 
ordinary ice and 163° for D2O ice, he obtained r.m.s. 
amplitudes considerably larger than those found in a 
neutron-diffraction study of DO ice.!?) Substitution of 
the high-temperature limiting values of @p in the Debye- 
Waller relationship leads to much better agreement with 
the neutron-diffraction results. 
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the two values of @ is all the more remarkable as 
both the melting point and density of ice are ab- 
normal. Incidentally, it follows from LINDEMANN’s 
equation that the @ values of D2O ice and of ordin- 
ary ice should be in the ratio 1 : 1-05. 


(b) Intermolecular force constants 

Through correlation of the vibrational spectra 
with the symmetry properties of molecular crystals, 
it is possible to calculate with fair accuracy the 
intermolcular force constants. From a normal 
co-ordinate treatment, MILLER “!”) found for k’, the 
principal force constant for ice, values ranging 
from 0-24 to 0-3x105dynes/cm, depending on 
various possible assignments, and for crystalline 
hydrogen peroxide, the unique value 0-25 x 108 
dynes/cm. The latter may be used safely for both 
solids in view of the near equality of their O-H ...O 
bonds (2:76 A in ice and 2-78 A in hydrogen per- 
oxide). Now, for three-dimensional hydrogen- 
bonded lattices, such as exist in these two crystals, 
the mean translational frequency of the molecules 
vp may be estimated roughiy from the usual ex- 
pression for the simple harmonic oscillator: 


1 k’ 
eal 


where pu is the reduced mass of the system, in this 
case a pair of adjacent molecules undergoing 
oscillations with respect to each other. This leads 


to the value vp 218 cm! and, therefrom, 
6 = 314° for ice. For hydrogen peroxide, vp = 156 
cm-! and @ = 225°, the latter quite close to the 
calorimetric value of @p. 


(c) Lattice frequencies 

The above calculated values of vz are merely 
average values, since one may normally expect a 
whole spectrum of lattice frequencies in these 
crystals. For instance, in the Raman spectrum of 
the single crystal of hydrogen peroxide,“ four or 
five bands have been found below 200 cm—!, none 
of which corresponds exactly to the above value of 
vp = 156 cm, In the case of ice, the molecular 
spectra, in both the Raman and infrared ranges, 
are very diffuse because of hydrogen bonding and 
the disordered structure. The region below 300 
cm! has not yet been explored systematically in 
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the infrared range,* but anumber of Raman studies 


have revealed a strong, fairly wide band centering 
around 200—220 cm-! (cf. OCKMAN"®) for a recent 
review). The slightly prominent maximum at 213 
cm~! reported by NARAYANASWAMY®® may rea- 
sonably be taken as the average translational fre- 
quency of the HeO molecules in ice. WHALLEY) 


has used it to evaluate the zero-point translational 
energy, 685 cal/mole; as this quantity is equal to 
9/8 R@ in the De bye equatic n, one finds 6 306 


Tor ice. 


(d) Isotope effect in DeQe ice 

Since the heat-capacity curve of heavy ice is 
known with the same accuracy as that of ordinary 
ice, the difference between the two may be used to 
evaluate the effect of isotope substitution on the 
rotational heat capacity, and hence to differentiate 
between the latter and the translational heat 
capacity at low temperatures. Such computations 
315 


have been made by BLuE®?), who found @ 
for the translation heat capacity. BLUE has re- 
marked that a Debye curve (with 6 = 315°) fits 
rather poorly the measured heat capacity, at low 
temperatures and has suggested that it might be 
due in part to failure of the Debye theory. How- 
ever, the anomalies found in the case of ice are 
certainly too large to be accounted for in terms of 
uncertainties in that theory, even granting its 
approximate nature. 

Summing up, the excellent agreement among the 
various values of 6 derived from quite different 
sources, namely 

(i) Maximum value from calorimetric 
318 
320 
314 
306 


315 


data 
(ii) LINDEMANN’s relationship, 
(iii) Crystalline force constants, 
(iv) Average translational frequency 
(v) Isotope effect in heavy ice, 


is strong evidence for the characteristic tempera- 


ture to be expected for the ice crystal. 


4. THE CALCULATED HEAT CAPACITY OF ICE 


Using the above “‘normal’’ value of 6 for ice, 


* Note added in proof: A very recent investigation of 
that spectrum as far as 200 cm! has, indeed, detected a 
distinct absorption band near 220 cm7! in agreement 
with the Raman spectrum. (G. C. PIMENTEL, private 
communication. ) 
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one may calculate, by the method already des- 
cribed in Section 2, its entropy and heat capacity 
as a function of temperature for comparison with 
the actual values. It has been rightly said that such 
calculations cannot inspire much confidence un- 
less they are based entirely on spectroscopic data, 
and our knowledge of the lattice frequencies of ice 
is rather scanty, as mentioned above. Yet, again, the 
main purpose sought here is a correlation with 
hydrogen peroxide. For expediency an extremely 
simplified model was assumed, with molecules 
essentially unaffected by their neighbours in their 
oscillations about equilibrium positions in the 
crystal lattice (the Einstein approximation). ‘The 
contribution of the internal modes was evaluated 
with Planck—Einstein functions, using the well- 
known frequencies: vg = 1640 cm~! for H2O, and 
vo 1405, V3 S380, V4 1385 for 
HeO¢ (the O-H stretching modes do not contribute 
appreciably to C, in the crystals). ‘The same func- 
tions were used for the librational modes-2®) with 
vy = 800-820 cm-! for ice and v4 = 656 cm7!, 
vp = 289, and ve = 245 cm™! for hydrogen per- 
oxide. The last two, from Raman spectrum of the 
single crystal,‘!8) are roughly in the correct ratio to 
v4 with respect to the moments of inertia of the 
H2Q2 molecule. As may be judged from the results 
in Table 2, the thermodynamic properties of the 
hydrogen peroxide crystal, in striking opposition 
to those of ice, can be estimated with fair accuracy 
from the calorimetric value of 6p and appropriate 


690 and v6 


optical data. 


5. THE ZERO-POINT ENTROPY OF ICE 

An interesting feature of the above results is the 
fact that the calculated entropy of ice in the neigh- 
bourhood of 100°K is smaller than the experi- 
mental quantity by about the same amount (0-8 
e.u.) as the residual entropy.} From this one might 
speculate that the disorder in ice contributes 
equally to the zero-point entropy and the “‘excess”’ 
calorimetric entropy over the range 0-100°K. 
PauLING”) has calculated by two different methods 
the residual entropy for his random structure of ice 
as R In (3/2) = 0-806 e.u. These are to be com- 
pared with the observed quantities, viz. 0-82 e.u. 


+ A smaller difference (0-65 e.u.) is found in the case 
of DeO ice, using 6p 305° and vibrational frequencies 
of 600-620 cm~! for the D2O molecules. *) 
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of the narrow temperature range involved. Further- 
more, MacDouGALL and GrauquE'?8) have shown 
experimentally that “the heat capacity of ice be- 
tween 0 and 4°K is zero within an accuracy of 0-01 


for HeO ice and 0-77 e.u. for DgO ice. Various 
authors have re-examined critically PAULING’s 
original derivations, particularly as regards the 
assumption of equal probability of the (3/2) pos- 

sible configurations. 24-26) More recently MEIjER- _ cal/deg’’. 
ING? has pointed out that in PAULING’s calcula- More plausible is the suggestion of PirzerR and 
tions probabilities are assumed without justifica- | POLIssaR(9) of an unrealized A transition in ice at 
tion to be mutually independent. However, after some temperature below 100°. From the energy 
an elaborate recalculation he arrived at a value only 
some 5 per cent higher than PAULING’s original 

result. It was also suggested at one time) that the 7, ~60°K. This agrees well with the data in Table 
T3 region in ice might start well below 10°K, so 2, possibly with a slightly higher 7, (80°). In 
that the now-accepted value of the calorimetric en- that conjecture an hypothetical, perfectly ordered 
tropy, including extrapolation using 6p = 192°, is ice crystal at very low temperature would exhibit 
too small by at least 0-82 e.u. (or conversely the on warming a heat-capacity increase following ap- 
zero-point entropy is too large by the same proximately a Debye curve with #0 ~ 310° up to 
amount). However, this is rather unlikely in view about 70°K, followed by a rapid rise due to a 


change involved, and assuming a dielectric con- 
stant of 3, these authors estimated the A point as 


Table 2. Calculated and observed thermodynamic functions of ice and hydrogen peroxide 


Heat capacity Entropy 
Total 


Transl. Vibr. Intra. | Total (C,) | Obs. (C,) | Transl. Vibr. Intra. 


Ice (0 320°) 
0-015 0-065 
0-115 0-490 0-04 
0:37 0-984 
1-466 
1:896 


0-03 

0-20 

0°55 

1-08 0-01 
1:57 0-025 


Vu & Bw wb 


Hydrogen peroxide (@p 234°) 

0-062 ‘062 0-02 0-02 

-295 0:096 0-096 099 
0-88 -872 0-310 0:31 +318 
1°65 0-02 . ‘648 0-676 ‘670 
2-43 0-11 “§ 505 1-12 “13 -126 
3-11 0:28 3°3 3-372 1:62 ‘67 -66 
4-03 0:79 . “895 2:64 “85 83 
4-60 1:34 0-01 5-95 144 3-61 
4-97 1:84 0:04 85 7:164 4:47 7 0-01 
5-37 2:70 0:21 . 8-822 5:97 0-04 
5-58 3:36 0-51 “45 10-283 7:19 . 0:23 
5-68 3°85 0:92 “45 11-86 8-22 0:23 
5-74 4-45 1:26 “45 13-02 8-89 | 0:36 


0-062 
0-298 
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co-operative disordering process (Fig. 3). Some in- 
dication of a trend towards a more ordered struc- 
ture may be seen in the observation of GIAUQUE 
and Stour‘) that ordinary ice is very sluggish in 
reaching thermal equilibrium upon cooling from 


Hypothetical warming curves for a perfectly 
compared with the ex- 
for ordinary ice. 


Fic. 3. 
ordered ice crystal --—--—--, 
perimental curves —— 


100 to 80°K. No such phenomenon was detected 
in the case of DgO ice, but this is not surprising 
as substitution of hydrogen by deuterium is bound 
to shift the A point markedly. It may be worth 
noting here that a large-scale plot of the difference 
between the measured heat capacities of ordinary 
ice and heavy ice against temperature indicates a 
noticeable change of slope near 100°K. 


6. STATIC AND DYNAMIC DISORDER IN ICE 

Although the ice crystal may be considered as 
in the PAULING sense—at 
all temperatures, the nature of the disorder must 


completely disordered 


change from the static at low temperatures to the 
dynamic in the neighbourhood of the melting 
point. Because changes of configuration are un- 
likely in an ideal crystal, some defects are needed 
at which reorientation of the HoO molecules can 
take place. The most obvious types of lattice defect 
are the ionized species HgO* and OH, as pointed 
out by ByerruM®®), Their low equilibrium con- 


P. A. GIGUERE 


centration in ice* is compensated by their high 
rate of diffusion through proton jumps along the 
O-O lines, mostly by quantum-mechanical tunnel- 
ling. @2) 

However, the explanation of the high dielectric 
constant of ice solely by this mechanism 3-35) has 
been rejected by ByerRuM 5), who showed the 
need for other types of defects of the so-called 
orientational type. For these he postulated doubly- 
occupied bonds (D-defects), and vacant bonds (L- 
defects). Now the existence of such defects raise 
considerable difficulty from the structural view- 
point. Indeed, a doubly-occupied bond O-H H—O 
could not possibly be linear, as the two hydrogen 
atoms would be as near together (0-74 A) as in the 
He molecule. The diagrams used to depict such 
configurations are certainly unrealistic. Even taking 
into account thermal motions, for instance near the 
melting point, in the most favorable conditions 
there can be but one H atom per O-—O bond. As for 
bent O-H H-—O bonds, they are also ruled out be- 
cause in their equilibrium positions the hydrogen 
atoms of adjacent water molecules are almost 
within van der Waals contact, 2:3 A.t Con- 
sequently, rotation of H2O molecules at large angle 
about one hydrogen bond in ice, whether by the 
rotational proton 


“cc 


classical mechanism or by 
jump”’, can only take place next to vacant sites, 
such as Schottky or Frenkel defects, or by a 
simultaneous bonds 
have been suggested for the HeS crystal, but 
there the intermolecular distances (5-76 A) are 


process. Doubly-occupied 


more than twice as long as in ice, and the co- 
ordination number is high (12 compared to 4 


*From electrical-conductivity measurements, the 
equilibrium concentration of each ion in pure ice is 
known to be of the order of one in 101° HeO molecules 
at —10°C.'°!) No data are available for lower tempera- 


tures, but a very rough estimate based on the same value 
of the heat of self-dissociation as in liquid water indicates 
a maximum concentration of one in 10?! molecules at 
180°C. 


+ The nearness of the H2O molecules in ice may ac- 


about - 


count for the abnormally high librational frequencies, 
800-850 cm~!. By comparison with the hydrogen per- 
oxide crystal, frequencies of about 650 cm! would be 
expected, as explained elsewhere.) 

Note added in proof: Lately Mutter, MEcKE and 
LUTTKE (Z. Phys. Chem. N.F. 19, 83 (1959) have re- 
ported a new infrared spectrum of ice in which the 
librational frequency occurs precisely at 649 cm~!. The 
nature of that spectrum has not been elucidated yet. 
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in ice) so that the position of the hydrogen atoms 
has little effect on the crystal packing. It is 
noteworthy that, in spite of the absence of hydro- 
gen bonds and the rather open structure, molecular 
rotation does not seem to occur at either of the two 
A points in the HeS crystal. 7) 

The existing data on the proton conductance in 
ice indicate that quantum-mechanical tunnelling 
is the rate-determining step.8) Finally, it is worth 
emphasizing here that from a recent analysis of the 
mechanical relaxation in single crystals of ice, 9) a 
mechanism based on diffusion of D- and L-defects 
is entirely inconsistent with the experimental evid- 
ence, whereas, on the contrary, rearrangement of 
the hydrogen atoms among various possible con- 
figurations not only agrees qualitatively with the 
observations, but even predicts the right order of 
magnitude for the decrement. Since the dielectric 
relaxation in ice shows the same activation energy 
as the mechanical relaxation, it is logical to assume 
that both proceed via the same mechanism. 


7. THE MOLECULAR SPECTRA OF ICE 

As explained elsewhere, ?) the close resemblance 
of the infrared spectrum of ordinary polycrystalline 
ice to that of vitreous hydrogen peroxide—as 
distinct from that of the crystalline peroxide— 
appears as a consequence of the random distribu- 
tion of the hydrogen atoms (the Pauling model). In 
particular, the 34 region shows hardly any sign of 
resolution of the two O-H stretching frequencies 
otherwise known to lie approximately at 3140 and 
3250 cm-l. For hydrogen peroxide, where the 
splitting is roughly the same, both components are 
clearly separated in the crystalline spectrum but not 
in the amorphous spectrum; there also a single 
broad maximum is observed at intermediate fre- 
quency. Again, in the ice spectrum the overtone 
bands 2ve and 2vr are submerged in the diffuse 
fundamentals vg and vg. It had been suggested by 
Born(°) that the diffuseness of the ice bands could 
be due to proton jumps, but this explanation is 
ruled out by the fact that the infrared spectrum of 
ice is not appreciably altered on cooling down to 
liquid-air or even liquid-helium temperature. 4) 
Therefore, the glass-like nature of the ice spectra 
must be related to the static, not the dynamic dis- 
order. In that connection it is worth noting here 
that the polarized infrared reflection spectrum of a 
crystal of ordinary ice shows a significant change in 
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the 3u region on cooling.42) The broad band with 
a slight shoulder found at —26°C is resolved at 
—134°C into two distinct, fairly sharp peaks at 
3137 and 3233 cm-!, This is of interest in view of 
the well-known suggestion that, in the temperature 
range not too far below its melting point, ordinary 
ice is always covered with a film of liquid, which 
may account for the possibility of skating on 
ice. (5) 

Like the infrared spectrum, the Raman spec- 
trum of ice is characterized by rather diffuse 
bands, even for the single crystal.“% In the O-H 
stretching region, the depolarization ratio was 
found to remain constant across each of the 
bands, 49) a further argument for the disordered 
structure. The contrast with the case of hydrogen 
peroxide is particularly striking in the low- 
frequency region; whereas in the latter crystal 
some eight distinct Raman shifts have been de- 
tected below 300 cm~1,(8) in ice the main feature 
is a very broad band extending from around 150 to 
350 cm-!, A number of very weak peaks have also 
been reported, but except for a few of them, not- 
ably that at 52 cm~!,(29-44) they have not been 
duplicated in the various investigations. The ex- 
planation for the different appearance of the low- 
frequency spectra must be sought in the structure 
of the two crystals. In ice, the packing is realized 
entirely through a regular three-dimensional lattice 
of hydrogen bonds, giving complete 4-co-ordina- 
tion with almost perfect tetrahedral symmetry of 
the HO sites. On the other hand, in the hydrogen 
peroxide crystal,‘S) neighbouring H2O2 molecules 
are linked through short hydrogen bonds (2-78 A) 
forming infinite helices which, in turn, are held 
together by weaker hydrogen bonds (2-90 A). 


8. CONCLUSIONS 

From the above considerations it is obvious that 
a satisfactory explanation of the thermodynamic 
properties of ice will require more experimental 
work. In particular, the calorimetric measurements 
should be extended down to 2 or 1°K for both 
ordinary and heavy ice, and the effect of added im- 
purities (such as HF) investigated, for this is one 
way of introducing lattice defects with tempera- 
ture-independent concentration. Likewise the 
heat capacity of cubic ice‘) should be measured 
and its range of thermodynamic stability ascer- 
tained. The properties of an ice condenser charged 
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at liquid-air temperature“®) also seem to deserve 


further attention. 

Much valuable information on the anomalies of 
the water substance may be gathered from com- 
parison with hydrogen peroxide, as shown here. 
For instance, a clear indication of disorder in ice 
is its low entropy of melting, 5-26 e.u., as compared 
with 10-95 e.u. for hydrogen peroxide. Unfortun- 
ately, investigation of the physical properties of 
pure hydrogen peroxide in the solid state is 
hampered by its chemical instability. Measure- 
ments of electrical conductivity and dielectric be- 
haviour would throw light on the problem of 
molecular mobility in ice in the temperature range 
just below the melting point. No streaking of the 
X-ray diffraction patterns has been observed,” 
although the temperature of the HgOz crystal may 
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have been too low. Lastly, there is no evidence for 
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surface wetness or “slickness’’ of solid hydrogen 
peroxide as is the case for ice. For that purpoes the 
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ingenious test devised by NAKAyA and Mart- 
suMOTO“™8) would no doubt be much easier than 
attempting to skate on pure, frozen hydrogen 


peroxide. 
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Abstract 


The effects of both n-type and p-type impurities on the resonances of ®°Ga, 71Ga and 


121Sb have been studied. P-type impurity concentrations of approximately 10!9 cm~* reduce the re- 
sonance intensity by ~ 60 per cent in ®°Ga and 7!Ga and by 75 per cent in !2!Sb. This reduction is 
attributed to the quadrupolar interaction between the nuclei and the charged impurity centres and 
implies fairly large ‘“‘antishielding factors’’. The values deduced are 49 for !24Sb, 175 for ®%Ga and 
321 for “'Ga. A negative frequency shift of 1-3 kc/s was observed in the !2!Sb resonance for a p-type 


impurity concentration of 6 x 10!® cm 


purity concentration 2 


3, and a similar shift was observed in an n-type sample (im- 
10'8 cm~#). Both these displacements are ascribed to a second-order quad- 


rupolar effect. No frequency shifts were observed for the gallium resonances. 


1. INTRODUCTION 


NUCLEAR magnetic resonance has been applied ex- 


tensively, in recent years, to problems in solid- 
state physics. The technique has proved particul- 
arly valuable in the study of imperfections of 
various kinds, because the details of the nuclear 
resonance lines, exact frequency, width, shape, &c., 
are sensitive to the nuclear environment. Since 
imperfections play an important role in determin- 
ing the properties of semiconductors, it might be 
expected that nuclear resonance would be especi- 
ally useful in this field. Unfortunately germanium 
and silicon are not suited to this kind of study, be- 
cause of the low abundance of the isotopes which 
possess magnetic moments. The situation is more 
favourable in the case of the III—V intermetallic 
compounds, and some work on these materials 
has already been published. 

Pure indium antimonide and gallium antimonide 
have been studied by SHULMAN et al.), who found 
that the line widths were greater than the values 
calculated by dipolar effects and who explained the 
breadening in terms of an indirect exchange inter- 
action. RHODERICK®) has investigated the effects of 
impurities on the resonance of !*In in indium 
antimonide and found that a small impurity con- 
centration (~ 1019 cm~*) produces a marked re- 
duction in the intensity of the resonance. ‘The 


R 


effect was attributed to the quadrupolar interaction 
between the and the electrostatic field 
gradients produced by ionized impurities. To 


nuclei 


secure quantitative agreement with experiment, it 
was necessary to suppose that the field gradients 
were greater by a factor of ~ 1000 than those cal- 
culated by ordinary electrostatic theory (the so- 
called “‘antishielding effect’’ (see FoLry et al.®))). 
The present work is concerned with a similar study 
on gallium antimonide, which is also a semicon- 
ductor having the zinc blende structure but with a 
larger energy gap of approximately 0-77 eV. 
Gallium and antimony each have two stable iso- 
topes which occur in reasonable abundances and 
which possess both magnetic and electric quadru- 
pole moments, so that gallium antimonide is a 
suitable material in which to study impurity 
effects. This semiconductor was also of interest 
because rough calculations indicated that a Knight 
shift might be observable in highly doped n-type 


material. 


2. APPARATUS AND EXPERIMENTAL METHOD 

Most of the experiments were carried out with a 
conventional Pound—Watkins spectrometer and 
a permanent magnet giving a field of 4800 Oe. The 
resonances were displayed on a pen recorder as the 
derivative of the absorption. Usually curves were 
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obtained by sweeping the frequency, and when 
necessary frequency markers were superposed on 
the recording with the aid of a B.C.221 frequency 
meter. The resonance frequency of a nucleus in an 
impure sample was compared with that in a pure 
sample by recording both resonances alternately a 
number of times and making a correction where 
necessary for the small temperature drifts in the 


magnet. 
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3. EXPERIMENTAL RESULTS 

(a) Pure materials 

Of the four isotopes in gallium antimonide, 
123Sb has a rather broad resonance,“ and no ob- 
servations were made on this isotope. A list of the 
properties of the other nuclei is given in Table 1. 

The !21Sb and ®Ga resonances are sufficiently 
close to overlap, but in interpreting the curves it 
has been assumed that the low-frequency half of 


Table 1 


Resonance 
width 
(Oe) 


Magnetic Electric 
Abundance 


(per cent) 


moment quadrupole 
moment 


(10-24 cm?) 


Nucleus Spin 
(nuclear 


magnetons) 


‘01 0-23 
0-15 


5 
34 0-8 


60:2 
39-8 


57°25 


The width represents the separation of the points of maximum slope. 


The purest material available in these experi- 
ments was p-type with a hole concentration of 
1-210!’ cm-* (the intrinsic concentration at 
room temperature is approximately 10!% cm7-%), 
Impure samples were prepared by doping with 
zinc, which acts as an acceptor, and with tellurium, 
which acts as a donor, and although no difficulty 
was encountered in producing a wide range of hole 
concentrations, it was not found possible to achieve 
an electron concentration greater than 2x 1018 
cm-° 

All the material used was polycrystalline. A 
sample of pure material, used as a reference with 
which to compare the doped specimens, was made 
up of slices approximately 1 x 0-1 x 0-1 cm. All the 
other samples were powders prepared by crushing 
the solid and selecting particles of roughly uniform 
size by sieving. The object of this procedure was 
to produce particles of dimensions smaller than the 
penetration depth, so as to ensure complete pene- 
tration of the radio-frequency field. An experi- 
ment carried out with the pure material showed 
that crushing reduced the resonance intensity 
slightly, no doubt as a result of the introduction of 
dislocatiors, but the magnitude of the reduction 
was very much less than that produced by impuri- 


ties. 


the 1*1Sb resonance and the high-frequency half 
of the ®*Ga resonance are practically undistorted. 
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Fic. 1. 74\Ga resonance in pure GaSb at 90°K. The full 

line is the high-frequency half of the experimental record 

which is proportional to the derivative of the absorption. 

The circles are obtained from the gaussian curve of best 
fit. 





NUCLEAR MAGNETIC RESONANCE 


This assumption is justified by the fact that the 
separation between the resonances is about 13 kc/s, 
whereas in both ®Ga and 121Sb the deflection at 
13 kc/s from the resonance centre is negligible. A 
gaussian curve can be fitted accurately to the re- 
cording of the “Ga resonance (Fig. 1), but can not 
be fitted to the curves for ®®Ga and !2!Sb, the latter 
exhibiting a long “‘tail’’. The ratio of the integrated 
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Fic. 2. 124Sb resonance in pure GaSb at 90°K. The full 

line is the experimental curve. Circles follow the gaussian 

curve which is the best fit over the whole range. Squares 
follow a Lorentzian curve fitted at the peak. 


intensity of the !24Sb resonance to that of ®Ga, 
equal to 1-33, is much less than the theoretical 
value of 2:22 deduced from the spins and relative 
abundances of the two isotopes. In addition, 
assuming that the indirect exchange interaction is 
responsible for the broad lines observed in the pure 
samples, the line widths (in oersteds) should be the 
same for isotopes of the same element, although 
experimentally the ®*Ga resonance appears broader 
than the 71Ga resonance. These facts taken together 
suggest that even in the purest of our samples the 
resonances are affected by quadrupolar broaden- 
ing which could arise from residual impurities or 
strains. The magnitude of the effect would be pro- 
portional approximately to Q/J, which, in appro- 
priate units, is 0-32 for 121Sb, 0-15 for 6®Ga and 0-1 
for 71Ga, and so would be most apparent in !2!Sb 
and least in “Ga. 
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(b) Impure materials 

(i) Intensity measurements and line shape. Fig. 3 
shows the effect of adding impurities to gallium 
antimonide. The curves relate to the zinc-doped 
samples and in all three cases the intensity of the 
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Fic. 3. Intensity of resonances in impure samples. In all 
cases the intensity of a sample of pure material cut into 
1-mm slices is taken as unity. The triangle shows the 
effect of crushing the pure sample. Circles show the 
intensity variation in zinc-doped materials. Squares show 
the intensity of a tellurium-doped (n-type) sample. 


resonance, as indicated by the peak recorder de- 
flection, dropped sharply for small impurity con- 
centrations, the curve flattening off as further im- 
purities were added. This behaviour is qualita- 
tively similar to that observed by RHODERICK’) for 
115Tn in doped indium antimonide, and a similar 
explanation can be given, namely that the reduc- 
tion in intensity is caused by the quadrupolar 
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interaction between the nuclei and the field 
gradients produced by the charged impurities. 

On the other hand the intensity loss of the “Ga 
resonance does not appear to be accompanied by a 
change of shape, and for two different impurity 
concentrations (1-2x 1018 and 6x 1018 cm-*) the 
line was found to be gaussian. For the other two 
resonances the “‘tail’” observed in the pure speci- 
mens was not present in the lines obtained from 
doped specimens, the line shapes in this case being 
also gaussian. 

The results for the one n-type sample are in- 
dicated by squares in Fig. 3. The most interesting 
feature of these results is the sharp reduction in 
intensity suffered by the !2!Sb resonance compared 
with the other resonances. 

The difference in the behaviour of !*1Sb and 
that of ®%Ga is particularly obvious because these 
two resonances almost overlap. In heavily doped 
p-type samples the !*1Sb resonance is more in- 
tense than that of ®%Ga, but the ratio is inverted in 
the n-type sample. 

(ii) Frequency measurements. Careful measure- 
ments were mace of the resonance frequencies in 
the most highly doped samples, and it was found 
that for a zinc concentration of 6x 1019 cm-3 the 
121Sb resonance was displaced to a lower frequency 
by an amount Ap(!*!Sb) 1:-3+0:-2kc/s re- 
lative to the pure sample. No change was observed 
in the frequencies of the gallium resonances. 

A similar frequency shift of 1-6 kc’s was ob- 
served for 121Sb in the tellurium-doped specimen. 


4. DISCUSSION OF RESULTS 


(a) P-type materials 

The results for the doped samples will be dis- 
cussed in terms of the theory of the quadrupolar 
interaction between the nuclei and the electric 
field gradients produced by charged centres. This 
theory is discussed in detail by COHEN and REIF”), 
and only a brief description of the salient features 


need be given here. The interaction is treated by 
perturbation theory and the first-order effect is to 
split up the single line into 2/-1 
satellites (J half integral) symmetrically disposed 
about an undisplaced central line, the separation 
between the components being proportional to the 
strength of the interaction. If the field gradients 
vary randomly from nucleus to nucleus, the satel- 
lites are not resolved, but the original line becomes 
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broader and less intense. Ultimately, as the 
strength of the interaction increases, the satellites 
are so smeared out as to be unobservable, and only 
the central component remains. When carried to 
second order, the theory shows that the central 
component is also broadened if the interaction is 
sufficiently strong and is, in addition, displaced to 
lower frequencies. 

The curves for the p-type samples shown in Fig. 
3 can thus be interpreted as follows. The sharp 
initial drop in intensity is due to the removal of the 
satellites described by the first-order theory, and 
the more gradual decrease which follows a further 
increase in impurity concentration is due to the 
broadening of the central component. The latter 
part of the curve, when extrapolated to cut the 
intensity axis, indicates the contribution of the 
central component to the intensity of the line in 
the purest sample. For “Ga the value is 40 per 
cent, which is the theoretical figure for J = 3/2, 
assuming that the line obtained for the purest 
specimen represents the complete resonance. For 
69Ga and !*!Sb the extrapolated values are slightly 
larger than the theoretical ones (40 and 26 per 
cent respectively), implying that a fraction of these 
resonances is unobservable owing to quadrupolar 
broadening even in the purest specimens. How- 
ever, neither the intensity measurements nor the 
determinations of impurity concentration by means 
of the Hall ¢ffect are accurate over the flat part of 
the curve. 

It is surprising that the reduction in the intensity 
of the resonances due to the splitting into satellites 
is not accompanied by an observable change in 
shape such as was observed in indium antimon- 
ide.) This may arise because the central com- 
ponent, which is not affected in first-order effects, 
represents in the case of ®%Ga and “Ga 40 per 
cent of the total intensity of the resonance. It is 
possible that the quadrupolar broadening may not 
produce a change in shape which is observable 
over the region where the central component makes 
an appreciable contribution to the deflection. A 
change might exist in the wings of the curve, but 
this would be difficult to observe, especially in a 
recording of the derivative. 

The field gradients produced at the nuclear sites 
by the impurities differ from the free space values 
because of the presence of free charge carriers, the 
polarization of the surrounding medium and the 
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distortion of the electron shells at the particular 
nuclear site of interest. Approximate theoretical 
treatments can be given of the first two effects, but 
not of the last, the so-called ‘‘anti-shielding effect”’. 
One result of the experiments is, therefore, to 
provide an estimate of the antishielding factor 
written conventionally as (1+y). Values for the 
nuclei in gallium antimonide have been obtained 
in the following way. 

For the satellite component m 
frequency shift due to the first-order quadrupole 
effect resulting from an impurity atom of charge 
e at a distance r is, apart from an angular factor 


2e+3 3e°O /(q7) 
ee 21(21—1)h_ 
(1) 


(see, for example, CoHEN and Retr“), In this 
equation, ¢ is the dielectric constant and the term 
f(qr) takes account of the screening by free car- 
riers.) In the experimental records the frequency 
at which the maximum in the derivative occurs 
vj say) as the impurity con- 


-~m—l, the 


remains constant ( 
centration varies. Consequently, when the smallest 
first-order splitting reaches a value kv), where k is 
some small multiplier, the satellite will no longer 
contribute appreciably to the derivative at v;. This 
is the point at which the slope of the intensity 
concentration graph changes markedly, and the 
maximum distance R separating any nucleus from 
an impurity can be obtained by substituting this 
value of concentration in the relation 47R3/3 

N-!. Values of (1+) can thus be obtained from 
equation (1) by putting r = R and Av = ky. The 
constant k was put equal to 4 by reference to the 
results of RHODERICK®) on 115In in indium anti- 
monide. In this work a value of y for !15In was cal- 
culated from the change in the second moment ob- 
served on doping. Since the variation of intensity 
versus concentration was qualitatively similar to 
that observed in GaSb, the preceding argument 
can be applied to the results on !15In and, knowing 
the values of (1+), can be used to obtain a value 
of k. The final values of 1+ are listed in Table 2. 
Because of the crude nature of the analysis, no 
accuracy better than a factor of 2 or so is claimed 
for these values, but they are significantly less than 
the value of 1000 deduced for 1!5In by Ruop- 
ERICK), This difference is probably associated with 
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the difference in energy gap. If the antishielding 
effect in III-V compounds is ascribed to a distor- 
tion of the valence-band wave functions, it is likely 
that this distortion will take place more readily 


Table 2 


Impurity 
concentration 
for the 
Antishielding 
factor 


disappearance 
of the 
satellites 


Nucleus 


the smaller the energy gap. On the other hand, too 
close a comparison cannot be justifiably made be- 
tween the two results in view of the different ele- 


ments involved. 


(b) N-type materials 

The results for the n-type sample are indicated 
in Fig. 3 by squares. Because of the difference in 
the effective mass between holes and electrons, the 
shielding due to free carriers differs in the two 
cases. This can account for the fact that for ®%Ga 
and 71Ga the intensity of the resonance in the n- 
type sample was about 85 per cent of that for a 
corresponding concentration of p-type impurity. 
Such an explanation does not account for the be- 
haviour of the !2!Sb resonance, whose intensity was 
only about 25 per cent of that for a p-type sample 
of the same concentration. 

Thus the simple theory of screening based on 
the modified Coulomb potential does not account 
for the difference in behaviour between n-type and 
p-type materials. The results indicate that the 
electron wave functions around the nuclei must be 
quite different in the two cases. 


(c) Frequency shifts 


The negative frequency shifts observed for 
121Sb in the highly doped p-type sample and in the 
n-type specimen probably arise from the second- 
order quadrupolar effects which displace the 
central component to lower frequencies. No similar 
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shifts were observed for the gallium nuclei. The 
frequency displacement of the central component 


is given by: 


where 


a = I(I+1), » =cos @ and the field gradient is 
eq = 2Be r?; 6 is the angle between the magnetic 
field and the line joining the impurity to a nucleus. 
The factor 8 includes all the effects of screening, 
antishielding, etc. In principle it should be pos- 
sible to determine f from the experimental re- 
sults, but it has not been found possible to derive 
a relation between the measured shift, which is the 
displacement of the zero in the derivative of the 
absorption, and the Av of equation (2). 

In metals the resonance frequency of a nucleus is 
often displaced in a positive sense, the so-called 
Knight shift,“ owing to the polarization of the 
free electron spins which produces an enhanced 
local magnetic field at the nuclei. A similar effect 
could occur in semiconductors with a large number 
of free carriers. Rough calculations indicated that a 
Knight shift might be observable in samples with 
an electron concentration ~ 1019 cm~-3, but it was 
unfortunately not found possible to prepare speci- 
mens with electron concentrations of this order. 
In any event, if a high concentration of carriers 1s 


produced by doping, any Knight shift may be ob- 


scured by frequency shifts due to second-order 


quadrupolar effects. 
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5. CONCLUSIONS 

The reduction in intensity produced by impuri- 
ties is due to quadrupolar interactions between the 
ionized centres and the nuclei. Because of large 
antishielding factors, the interaction is long-range 
and is not therefore particularly useful in elucidat- 
ing the nature of impurity sites, for example, 
whether these are interstitial or substitutional. 
Measurements of the Knight shift in semiconduc- 
tors are potentially useful in yielding information 
about the electron wave functions. It has not been 
found possible to obtain a sufficiently high electron 
concentration in gallium antimonide in which to 
look for the effect. There is also a danger of the 
positive shifts due to electron spin paramagnetism 
being to some extent offset by negative shifts due 
to second-order quadrupolar interactions. 
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Abstract—The tetravalent ions of silicon, germanium and tin have been substituted in the garnet 
structure as, for example, in the solid solutions }CagFe2M3*+Oj2—% Y3FeaFe3012. Measurements of the 
spontaneous magnetizations at low temperatures indicate that in these solid solutions about 95 
per cent of the small Si4+ ions and 85 per cent of the somewhat larger Ge** ions go into tetrahedral 
sites. On the other hand the much larger Sn*+ ions greatly prefer the octahedral sites. In the garnets 
Ca3Fe2Ge3012 and MnsFe2Ge3012 there are indications of antiferromagnetism: in the former, the 
1/x versus T curve becomes horizontal at low temperatures and in the latter there is a maximum in x 
at about 6°K. In the compounds Gd3CozGaGe2O12and Gd3NizGaGe2012 we observe only paramag- 
netism with a negative intercept of the 1/x versus T curve, whereas Gd3MneGaGee2Oi2 has pre- 
viously been found to be ferrimagnetic. In comparison with the latter compound, it is surprising to 
find only a slight spontaneous magnetization of 0-1-0-2 wg in Mn3FeeSi30O12. 


1. INTRODUCTION 
SEVERAL recent reports have been concerned with 
the crystal chemistry and interactions of magnetic 


ions in the garnets. In the present paper the distri- 
butions of the Group IV ions of silicon, germanium 
and tin deduced from magnetic measurements at 
low temperatures are compared in the systems 


3(Y3FeoFegO12)—3(CagFee2M3012) 
and 
$GdgFegFegO12—4CagFe2Si3gO}2. 
The solid solutions 
4Y3FeoFe30j2—-}CagAloSigO}2 
and 
+GdgFeoFe30}2- £CagAloSizO}2 
have also been investigated. 

Measurements of CagFe2Ge30i2 were made to 
compare the interaction between Fe** ions in 
octahedral positions with that previously ob- 
served) between Mn?+ ions. The dodecahedral- 
tetrahedral interactions were studied in 

MngFe2Ge30 9, (2?) MnsFeeSigQO jo, 4) 

Gd3Co2GaGee20}2"?) and GdgNieGaGe2O}2) 


for comparison with GdgMngGaGe20}2. 


2. EXPERIMENTAL 
(a) Preparation of compounds 
The garnet MngFeeSigOj2, a high-pressure phase, 
was kindly supplied to us by L. Coes of the Nor- 
ton Company. The details of the preparation of 
most of the other specimens have already been 
given elsewhere. 


(b) Magnetic measurements 

Measurements of magnetic moment per mole, 
Om, Were made in the temperature range 1-3—300°K 
in fields up to H = 12,500 Oe, by means of the 
pendulum magnetometer previously described. 

The spontaneous magnetization per mole, oo, 
was normally determined by extrapolation of the 
magnetic moment to H = oo, assuming a linear 
relation between om and 1/H2; such a relation was 
normally followed for H = 8000—12,500. However, 
when the measured value of om was relatively 
small, it was usually found that the moment was 
given by: 

om oot y'H 

for H = 2000-12,500 and oo was then determined 
by extrapolation to H = 0. The latter method was 
justified when the plot of 1/y’ versus T was a 
straight line corresponding nearly in slope to the 
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Table 1. Lattice constants of the garnet systems studied 


Garnet 
1 Caz Fes3Sis012—-4 Y3Fe2Fe3012 
Cas FesGe3O012-4 Y3FeeFe3O0 12 
tCa3FesSn3012-4Y3Feo2Fe3012 
}Ca3gFe3Si3sO12-4Gd3Fe2Fes012 
+Ca3AleSizgO12—-4 Y3FeeFe3012 
CasAleSis012—4 Gd3Fe2Fe3012 
CagFe2Ge3012 
Mn sFeol re3( )i2 
Mns3Fee2Sis0O12 
Gd3Co2eGaGe2012 
GdsNi2GaGee20)12 


effective moments of the magnetic ions known to 

7.02 : 
2°354/C, 
C = AT A(1 y’). In some intermediate cases the 


be present, using the usual relation pert 


method of extrapolation was not surely known, 
and some uncertainty in the value of og remained. 
Magnetic data are given in Figs. 1—5 and are 


discussed below. 


(c) Crystallographic data 
Some of the lattice constants have been reported 
elsewhere, but are summarized in Table 1 for the 


sake of comple teness. 


3. DISCUSSION 
(a) 4CagFeoM 3**Oj2—-% Y3FeeFegOj0(M 


on) 


Si, Ge or 


In these solid solutions, with M Si, Ge or 
Sn, we may infer the ionic distributions from the 
Bohr magneton numbers (Fig. 1) if we assume that 
the moments of the ions in the octahedral and 
tetrahedral positions are strictly antiparallel. The 
Bohr magneton numbers and inferred distributions 
of these three materials may then be represented as 
the 
and (tetra- 


follows, the sites being indicated in usual 


order: {doedecahedral!, {octahedral 


he dral): 


0-5 LB; {CaYo}[Fe; 95510-05 | Feo 05510-95) 12 


5 4B, CaY2}[Fe1-g5Geo-15](Fe215Geo-s5)O12 


LB; {CaYo}[Fey 185 0-52 ]( Feo.595no-48)O12. 


Thus the magnetic measurements indicate that 


silicon does act ionically in the garnets, but prefers 


Reference 


This work 

This work 
(7) 

This work 
(8) 
(8) 
(2) 
‘087 (2) 
82 (5) 
446 (2) 
12-401 (2) 


The 


ion shows somewhat more preference for 


tetrahedral sites because of its small size. 
Ge? 
octahedral sites than does Si** because of its larger 
much larger than the Ge* 


size; the Sn** ion 





LE 


TION PER M 





Fic. 1. Magnetization of garnets YeCaFeaMOj2(M 
Ge?** or Si**). 

ion—shows the greatest preference for octahedral 

sites. This behavior is similar to that of the trivalent 

nonmagnetic ions. 

In the case of M 

model of interaction of Fe?+ moments is probably 


Sn*+, however, the assumed 


not correct. X-ray studies on this specimen in- 
dicate that perhaps 90 per cent or more of the Sn4 
ions occupy octahedral sites and that the formula 
describing the specimen should more likely be 
written {CaYo}[FeSn](Fes)Oj2 than as above. A 
detailed study of the CagFeoSngOj2-Y3FeeFe30}2 
system is described in another paper. 

Recently, definite evidence has been obtained of 
the existence of defect structures in some garnets 
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containing the Ge** ion.) In these cases a de- 
ficiency of the Ge** ion, but not of the O2- ion, is 
implied. Moreover, it appears that an increase of 
cell size (over the predicted value) is associated 
with the deficiency. 

The specimen 4CagFe2GegOj2—%Y3Fe2Fe30j2 
discussed above was made in such manner as to 
assure the proper stoichiometry. However, another 
specimen was made from which it was definitely 
known that GeOz was lost. This specimen had a 
lattice constant 12-386 A, which is 0-016 A greater 
than that of the specimen having the full amount 
of GeOs. Thus apparently even a deficiency of both 
Ge** and O? 

The saturation magnetization at O°K of the 
GeOo-deficient specimen was only 0-7 uz; this 
indicates a more nearly equal distribution of Fe** 
ions over the two types of sites than for the speci- 
men of proper stoichiometry. It is possible that the 
deficiency of GeOz causes a smaller available 
average volume for tetrahedral ions and/or a larger 
available average volume for octahedral ions, and 
that this accounts for the increase in the number of 


ions Causes an increase in volume. 


Fe?* ions occupying octahedral sites. 


(b) 1CagFe2SigO12 ?GdgFeoFe30 12 

In this solid solution the saturation magnetiza- 
tion (Fig. 2) is 13-5 wg and the indicated distribu- 
tion of ions may be expressed by the formula: 
13-5 pep, {CaGdo}[Fe1-95Si0-05 |(Fe2-05Si0-95) O12. 
This corroborates the previous finding, in which Y 


was present instead of Gd. 
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Fic. 2. Magnetization of GdeCaFesSiOje. 


(c) }CagAloSigOj2—4 Rg** FegFegOj2,(R = Y or Gd) 
The saturation magnetizations at 0°K and the 
inferred ions distributions are: 
1-4 pp, 
{Y2.4Cao-6}[Fe1-s¢Alo-14 ](Fee-14Ale-26)Sio-¢O012 


14-2 wp, 
{Gde.4Cao-¢}[Fe1-74Alo-26 |(Fe2-26Alo-145i0-6) O12. 


There may be some octahedral Si** ions, but the 
exact amount is not determinable from these mea- 
surements. The results are somewhat anomalous 
in that if the octahedral sites of either one of these 
specimens contained more Fe** than the other, it 
would seem that it should be the R = Gd speci- 
men that contained more, since Gd** is larger than 
Y3+, thus possibly making the octahedral holes 
larger. The results imply, however, that in this 
case the Gd?+ ion has the effect of increasing the 
average volume available to an ion entering a tetra- 
hedral position. 
In the two garnets 


i Cag FeoSig( 2-#Gdg Fee Fes( ie 


and 
1 CagAloSia( )492- 4Gdg FeoFes( )19, 


the results indicate that the tetrahedral—octahedral 
and_ tetrahedral—dodecahedral interactions are 
antiferromagnetic, in accord with expectation. 10) 


(d) CagFe2Ge3102 

From results given earlier, one would guess that 
some of the Fe?+ ions in this garnet are in tetra- 
hedral sites. However, as might be expected, no 
spontaneous magnetization is observed here. ‘The 
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Fic. 3. Inverse susceptibility, showing tendency toward 
antiferromagnetism. 


curve obtained by plotting reciprocal molar sus- 
ceptibility 1/Xm versus T (Fig. 3) is a straight line 
above about 40°K, and there has a slope corre- 
sponding to the normal value of were = 4-9 Bohr 
magnetons per Fe®* ion. Below 30°K, the curve 
becomes almost horizontal. This tendency toward 
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antiferromagnetic behavior is also indicated by the 
negative intercept on the temperature axis of the 
straight-line portion of the curve. 

Weak antiferromagnetic interaction among mag- 
netic ions in octahedral positions has also been ob- 
served in the garnet {CaYo}[Mno](Ge3)Oj2. 


(e) MnsgFeol segQ0}09 

We had hoped to observe in this garnet a spon- 
taneous magnetization greater than or equal to 
5 wp as a result of interactions between the mag- 
netic ions in dodecahedral and octahedral positions. 
No spontaneous magnetization was observed; 
however, the 1/X» versus 7 (Fig. 4) and X versus 


T (Fig. 5) curves* indicate antiferromagnetic 
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Fic. 4. Inverse susceptibility of MngFe2Ge3012. 








Fic. 5. Antiferromagnetism of Mn3Fe2Ge301». 

* The slope of the linear portion of the 1/Xm versus T 
curve corresponds to an effective Bohr magneton num- 
ber per magnetic ion of about pert 5-6, to be com- 
pared with the theoretical value of 5-9. 
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ordering. The former curve becomes concave up- 
wards below about 20°K, and there are maxima in 
the latter at about 6°K. There are several possible 
causes of the absence of ferrimagnetism: (1) weak 
interaction because of unfavorable geometry, (2) 
distribution of Fe’+ ions over the octahedral and 
tetrahedral sites, resulting in a marked weakening 
of interaction and (3) inherently weak interaction 
between Mn?+ and Fe*+ ions. We believe that the 
last is the least likely contributor, since, as men- 
tioned below, one would expect magnetic inter- 
ions to be in- 
and 


actions between Gd?+ and Mn?+ 
herently weaker than those between Mn?+ 
Fe*+ ions, yet GdgMngGaGe20): is ferrimagnetic, ) 


(f) MngFeeSigQ}0 

This garnet could not be synthesized directly 
at ordinary pressures.) The sample obtained from 
Cogs (see above) proved to have a small spontan- 
eous magnetization characteristic of ‘‘weak’’ or 
“parasitic” ferrimagnetism. Because it would 
hardly be expected that more than 5 per cent of the 
octahedral sites would have Si*+ ions in them, it is 
unlikely that the ionic distribution is responsible 
for the unexpected result of the magnetic measure- 
ments. Because it is likely that under the same geo- 
metric arrangement of bonds, the dodecahedral-— 
octahedral Gd?+—O2-—Mn?+ superexchange inter- 
action would be weaker than that of Mn2+—O-Fe?+, 
it would seem that the geometry in MngFe2SigOj2 
is significantly different from that of 
GdgMngGaGee20;2 and unfavorable to. super- 
exchange. Comparison of the results of structure 
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refinement of Y3FegFe30j2% and CagAleSigOj9") 
(the only garnets whose structures have been very 
accurately determined) indicates that differences in 
arrangement can be rather large. 


(g) GdgCooGaGee20}2 and GdgNieGaGeo20}e 

These were measured to compare Gd?+—O2-— 
Co2*+, Gd3+—O2-—Ni?* and Gd3*—O2-—Mn?* inter- 
actions. The garnet {Gd3}[{Mno2](GaGeg)Oj2 has 
previously been found to be ferrimagnetic, with a 
Curie temperature of 8°K.) The former are para- 
magnetic only down to 1-3°K with a negative inter- 
cept of the 1/Xm versus T curve (Fig. 6). Thus the 
interactions between Gd*+ and Co?+ and between 
Gd** and Ni?* are weaker than those between 
Gd?* and Mn?*, as one would expect. 
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Abstract 


The Seebeck coefficient S of single crystals of bismuth has been measured between 


room temperature and about 250°C. The results are used to resolve a discrepancy in the data on the 


Seebeck coefficient of polycrystalline bismuth as given by Sato and by SAVORNIN and PocGr!; the 


values given by 


the latter workers are shown to be more reasonable. The anisotropy in S at 300°K is 


analyzed in terms of the current model for the carriers in bismuth. ABELES and MEIBOOM’s results 


from magnetoresistance measurements and the present data are used to calculate the density-of- 
states effective masses of the electrons and holes respectively. The value for the electrons agrees well 
with that deduced from de Haas—van Alphen-effect and cyclotron-resonance experiments. The value 
for the holes is very close to that deduced from cyclotron resonance, but much smaller than is 


suggested by electronic heat-capacity data. 


1. INTRODUCTION 
RECENT experiments on the de Haas—van Alphen 
t,2) cyclotron resonance) and magneto- 
resistance™) in bismuth have provided information 
about the band structure in this element, and it 1s 
now feasible to attempt an understanding of other 


transport phenomena, such as the thermoelectric 


effects. 

Boypston) did some early experiments on the 
thermoelectric properties of single-crystal bis- 
muth, but his results were criticized by Bripc- 
mMAN‘®) because of the low purity of the samples 
used. It is well known that the electronic properties 
of bismuth are very sensitive to minute amounts of 
dissolved impurities. BRIDGMAN’s own work on the 
Seebeck coefficient* S was limited to the vicinity 
of room temperature, as he was primarily con- 
cerned with the relation between thermoelectric 
effects and crystal symmetry. 

Recently Sato‘) reported measurements of S 
made on polycrystalline bismuth against platinum 
between room temperature and the melting point. 
He found that the magnitude of S went through a 


* The term Seebeck coefficient is used here for the 
quantity which is also known as the thermoelectric power 
in order to keep the terminology consistent (cf. Peltier 
coefficient, Thomson coefficient, &c.). 


pronounced maximum as a function of tempera- 
ture, at about 50°C, attaining a value of about 
220 »V/°K. More recent work by SAVORNIN and 
Pocci), who measured bismuth against copper, 
contradicted SaTo’s results; they observed no 
maximum in the S versus temperature curve, after 
allowance had been made for the Seebeck coeffi- 
cient of copper against platinum, and the magni- 
tude of .S was found to be much smaller than the 
value Sato found in the same temperature range. 
Fig. 1 shows the results of these two sets of mea- 
surements. One possible explanation of this dis- 
crepancy is that the polycrystalline samples used 
in the two sets of experiments had in fact different 
textures; then different dependences of Son T along 
different crystal axes might account for the dis- 
crepancy. ‘Thus a measurement of S as a function 
of crystal orientation and temperature should in- 
dicate whether this is the correct explanation. 
There has also been disagreement in a somewhat 
different region, relating to the electronic band 
structure of bismuth. The cyclotron-resonance ex- 
periments of GALT et al.) indicated, in addition 
to electrons, the existence of a band of light holes, 
with a density-of-states effective mass of 0-16 
mo, Where mo is the normal electronic mass. The 
de Haas-van Alphen effect) has, on the other 
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hand, shown oscillations due only to the electrons, 
and none due to the holes. The data on the elec- 
trons from the two sets of measurements are in 
quantitative agreement. HEINE) has suggested 
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Fic. 1. The Seebeck coefficient of polycrystalline bis- 


muth, against platinum as measured by Sato!” (curve 1), 
and against copper by SAVORNIN and Pocar'®) (curve 2). 


that the holes have a high effective mass, and there- 
fore do not contribute appreciably to the de Haas 
van Alphen effect; an estimate of their mass can be 
made by assuming that they make the major con- 
tribution to the electronic heat capacity. Using 
these ideas, AUBREY and CHAMBERS() estimated 
the density-of-states mass of the holes to be 2-2 
mg (contrasted with 0-16 mg from cyclotron re- 
sonance). As will be shown below, the present 
measurements shed some light on this problem. 


2. EXPERIMENTAL 

Single crystals of about 0-5 cm square cross-section 
and over 10 cm long were grown in a graphite mould in 
vacuum, using a modified BRIDGMAN technique. The 
bismuth, of 99-999 per cent purity, was obtained from 
The American Smelting and Refining Company. The 
crystals as grown had a ratio of room-temperature to 
liquid-helium-temperature resistivities of 90, which 
compares favourably with a value of about 50 for zone- 
refined bismuth,'!") and 80-105 for the bismuth used in 
cyclotron-resonance experiments.'2) Some of the crystals 
were grown without seeding, and these tended to have 
the sample axis make a large angle with the three-fold 
axis. Orientations closer to the three-fold axis were 
obtained by suitable seeding. The orientations of the 
crystals were determined by back-reflection Laue photo- 
graphs, using two recent compilations(!!:!*) of crystallo- 
graphic angles in bismuth. 
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The sample was supported lightly at each end by a 
beryllium—copper spring, mounted on an insulating base. 
The temperatures at two points along the crystal were 
measured with copper/Constantan thermocouples, and 
the copper leads were used to determine the thermo- 
e.m.f. between these points. Each thermocouple junction 
was fused into the crystal by laying it on the surface and 
then pressing on it with a clean hot soldering-iron tip, 
using a trace of bismuth as the solder. With practice, it is 
possible to do this without introducing any new grains of 
bismuth around the junction. This method of attaching 
the thermocouples ensures that (1) the crystal remains 
single, and (2) the electrical and thermal contacts be- 
tween each junction and the crystal are at the same tem- 
perature. 

The sample assembly went into an evacuated Pyrex 
tube placed in a cylindrical furnace. The temperature 
difference between the thermocouples could be varied by 
varying the position of the tube along the axis of the 
furnace, and was 10-20°C in these experiments. The 
various voltages were measured on a Rubicon type-B 
potentiometer, and the Seebeck coefficient of bismuth 
relative to copper was calculated. When necessary, these 
values could be converted to absolute values by the use 
of the absolute Seebeck coefficient of copper as given by 


Nystrom(!8), 


3. RESULTS AND DISCUSSION 


(a) S for polycrystalline bismuth 
On Fig. 2 is shown the Seebeck coefficient, 
relative to copper, for different values of ¢ (the 


angle between the sample axis and the three-fold 
axis) and temperature. For a crystal such as bis- 
muth with a three-fold axis of symmetry, S, which 
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Fic. 2. The Seebeck coefficient, against copper, of single 

crystals of bismuth. The angle ¢ between the sample axis 

and the three-fold axis is indicated at the right-hand end 
of each curve. 
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in the general case is a second-rank tensor, reduces 
to two components S| and S_, which are re- 
spectively parallel and perpendicular to the three- 
fold axis. 

If the direction of the temperature gradient is 
the same as the direction along which the Seebeck 
voltage is measured, making an angle ¢ with the 
three-fold axis, then it is easy to show that the 
Thomson-Voigt relation") holds: 


S. S, cos?4+S , sin?d (1) 


where V = S,(T2—T7), and 7) and 72 are the 
temperatures at the two points between which the 
Seebeck voltage V appears. Equation (1) indicates 
that a plot of S, against cos*¢ should be a straight 
line. Such a plot, at 300°K, is shown in Fig. 3, 
where the ordinate now represents the absolute 
Seebeck coefficient of bismuth. From here on, S 
will stand for the absolute value. 
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A plot of the absolute Seebeck coefficient against 
angle between the sample 


Fic. 3. 

cos?¢, at 300°K, where ¢ 

axis and the three-fold axis. The open circles denote 

samples made from as-received 99-999 per cent pure bis- 

muth. The filled circle denotes a zone-refined sample. 

The broken line represents the Thomson-Voigt re- 
lationship. 


It is clear from Fig. 3 that the Thomson-Voigt 
relation is not valid for bismuth. This was first 
pointed out by BripGMAN, but it was left to 
KoHLER“5) to account for the anomaly. A careful 
examination of the experimental conditions shows 
that it is the heat flow, and not the temperature 
gradient, which is forced to be along the sample 
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axis. Since the thermal conductivity of the material 
is also anisotropic, this heat flow will in general 
produce a temperature gradient in a direction 
different from the sample axis. Let S, be the ratio 
of the voltage difference to the temperature differ- 
ence along the sample axis (this is the experi- 
mentally measured quantity) making an angle ¢ 
with the three-fold axis. Then a solution of the 
equations to the heat flow and the Seebeck voltage 
with the appropriate boundary conditions leads 
to: 
Sz = S, cos*d+S , sin?6d+ 
Q-1(S,-S,) 
sin2d cos2¢ 
sin2d+A cos2¢d 

where A = A /A , the ratio of the thermal con- 
ductivities perpendicular and parallel to the three- 
fold axis respectively. For bismuth A > 1, and one 
would expect the curve of S, against cos*¢ to be 
concave to the cos2¢ axis, as is indeed seen to be the 
case. The actual value of A is in some doubt, the 
values reported in the literature!” ranging from 
1-39 to 1-77. Bismuth cleaves easily in the plane 
perpendicular to the three-fold axis, and there is a 
suspicion that some of the measured values of A 
may be too high because of minute cracks parallel 
to the cleavage plane. Therefore 4 = 1:39 has 
been used in the present analysis. This uncertainty 
in A is not too serious, since it appears only in a 
correction term, and the final conclusions that are 
drawn are not at all sensitive to its exact value. 

The measured values of S, at 300°K have been 
used to solve equation (2) by the method of aver- 
ages, to give 


—51-4 pV/°K. 
(3) 


The uncertainty in these values is not greater than 
a few per cent; this is insignificant for the purposes 
of the subsequent discussion. The calculation of S 
for a polycrystalline sample from single-crystal 
parameters involves a knowledge of the electrical- 
and thermal-conductivity tensors,“8) for which 
complete data above 300°K are not available. 
Nevertheless, it is amply evident from a compari- 
son of Figs. 1 and 2, along with equation (2), that 
no possible texture in polycrystalline bismuth 
could yield a curve of the type obtained by Sato). 
The present results indeed favour the data of 


S, =—102-7 nV/°K, S$ 
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SAVORNIN and Pocc1®). The explanation of SATO’s 
curve must lie either in the effect of impurities or 
in unknown experimental errors. 


(b) The anisotropy of S for single-crystal bismuth 

The Jones zone for bismuth is capable of ac- 
commodating exactly five electrons per atom. It is 
believed that the unusual electrical and magnetic 
properties of bismuth are due to a small number of 
electrons which spill over into a higher zone, 
leaving an equal number of holes in the first zone, 
even at 0°K. This implies an overlap between the 
electron and the hole bands, sometimes referred to 
as the conduction and valence bands, by analogy 
with semiconductor terminology. The following 
model for the carriers in bismuth represents a 
synthesis of the data from de Haas—van Alphen, 
magnetoresistance and cyclotron-resonance experi- 
ments. 

(1) The electrons are in a group of ellipsoids in 
k-space, the equation to a single ellipsoid being 


2moE 


ajk12+a2ko?+a3k32+2agkokz3 (4) 
h? 

where the energy F and the components of crystal 
momentum kj are measured from the band edge, 
and the subscripts 1, 2 and 3 refer to a binary, a 
bisectrix and the three-fold axes respectively. ‘The 
a; are the components of the reciprocal mass 
tensor. 

Equation (4) indicates that one axis of the ellip- 
soid is along the k; axis, and the other two axes are 
respectively inclined to the kg and kg axes at an 
angle 0, where tan 20 = 2x4/(a2—ag). If the band 
edge is on a binary axis, then the symmetry opera- 
tions of the lattice yield a total of either three or 
six ellipsoids, according as the edge lies on the 
zone boundary or not. 

(2) The holes are in a spheroid centred at the 
origin of k-space, and overlap the electrons by an 
energy Ep: 


2mo(ELo—E) 


he B1(R1?+ ko?) + B3k3" (5) 


where the {; are the components of the reciprocal 
mass tensor for the holes. 

Only the results at 300°K are discussed, and 
therefore pure lattice scattering is assumed, with 
different relaxation times for the electrons and the 
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holes, each being expressible in terms of com- 
ponents parallel and perpendicular to the three- 
fold axis.“%) Conduction in the two bands will be 
assumed to be independent, as has been done by 
ABELES and MeEIBooM"™) in their analysis of mag- 
netoresistance. Then, as shown in the Appendix, 


Sei Set SniSn 


Sei t Shi 


S i ( 6 ) 


where 7 stands for || or |, ¢ = conductivity and 
the subscripts e and h refer to electrons and holes. 
Se and Sp, may be called the partial Seebeck co- 
efficients of the electrons and the holes respectively, 
and are defined by equations (A.4) and (A.5) of the 
Appendix. It is shown there that S, and S;, them- 
selves do not depend on direction; the observed 
anisotropy of S arises from the different mobilities 
of the two types of carriers. 

ABELES and MeErBoom() 
mobilities of the two types of carriers from their 


have calculated the 


magnetoresistance data, and get 
Oe Oe 
(2), <9. (2) 

On/ Ch 


From equations (6) and (7), one gets 


2:12 at 300°K. (7) 


Se = —125-3 nV/°K, 
Sp = +1051 pV/°K at 300°K. (8) 


These values are inserted in equation (A.4) of the 
Appendix and &, and &, are obtained by graphical 
interpolation from tables of Fermi integrals. (°° 
One then gets 


f=16, = 23. (9) 


The number of electrons (or holes) per cm*, N, as 
calculated by ABELEs and MEIBooM™), is equal to 
2:2 1018 at 300°K. Also m, the number per 
ellipsoid, is given by 

4a 
— (2mokT 3/2 u3/2F s(E) 


h 


(10) 


where y is the density-of-states effective mass in 
units of mo. From equations (9) and (10) one cal- 
culates the effective masses for the electrons and 
the holes, getting the values shown in Table 1. 
The result for the electrons is in excellent agree- 
ment with both sets of cyclotron-resonance data, 
though it is not possible to choose between the 
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Table 1. Effective masses of electrons and holes 


AUBREY and 
CHAMBERS'”) 


Electrons 


Holes 
* Value based on HEINE’s'® 


three-ellipsoid and the six-ellipsoid schemes. The 
result for the holes clearly confirms the light holes 
found by Gat et al.@) This makes it somewhat 
puzzling that the holes do not contribute to the de 
Haas—van Alphen effect. But the values of £7! 

0-068 and B37! 0-92 found by Gat et al. 
suggest that the most favourable configuration for 
observing such a contribution would be with the 
magnetic field parallel to the three-fold axis. But 
this is precisely the direction in which the torque 
on the sample disappears, and so Shoenberg’s 
method would not work. The elegant technique 
recently used by KUNZLER and BoyLe)), of study- 


ing the temperature changes of single crystals of 


bismuth upon magnetizing or demagnetizing, 


offers some hope for measurements in this direc- 


tion. The heat-capacity data,‘°?) which seem to re- 


quire a carrier of mass ~ 1, are subject to two un- 
certaintics: (1) the quoted values for the electronic 
contribution show that, even at 1°K, it is only a 
few per cent of the total heat capacity, and (2) there 
is a possibility of a contribution from the pure 
quadrupole splitting of nuclear spin levels to the 
measured heat capacity. No observations have been 
reported on pure quadrupole resonance in bis- 
muth, and so it is not possible to estimate the 
nuclear contribution to the heat capacity. It is thus 
clear that accurate measurements of the heat cap- 
acity of bismuth in the region below 0-1°K are 


needed. 
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APPENDIX 
What Herring calls the Il-approach to calculate S is 
used here. The Peltier coefficient II is defined so that ell 
is the energy absorbed per carrier entering the material, 


GALT et al.'3) 


arguments. 


Present work 


< 10~* (three ellipsoids) 
10-2 (six ellipsoids) 
10-* 


which we shall label B. Imagine the material to be in 
contact with the standard material M, which acts as a 
source of carriers. Let the direction of the current be 
1, 2 oe 3. The 
Fermi energy ¢ is the same in the two materials, and a 
carrier entering B from M and occupying a state of 


y 


energy FE causes an absorption of energy equal to E— ¢. 


denoted by the subscript 7, where 7 


Thus the average energy absorbed per carrier is: 
ell; = f (E—0) Si (k) dk) [ Si (k) dk, (A.1) 


where the denominator is related to the conductivity aj 


by 


EP (p 4 for 
pure lattice scattering). Inserting equation (4) or (5) into 


Let the energy-dependence of 7; be 


(A.2), changing to spherical coérdinates and partially 


integrating, one easily finds that the directional de- 


pendence disappears from equation (A.1), and 
RT ((8+))Fy+0(8) 
e \(3+p)F:.,(€) 
and therefore S = II/T 
Rk ((8+))F :+pf€) 
e\(8+p)Fy+p(€) 


where 
xn dx 


J et41 


0 


q 
for electrons, 
4 


ko—C ; 
for holes. 
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It also follows from equations (A.1) and (A.4), that, 
where both electrons and holes carry the current, 


Oei Set oniSh 


Ceit Oni 


(A.6) 


The subscripts e and / refer to electrons and holes re- 
spectively, and S; Se S,, and Ss S. 
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1 1 
tant was observed to deviate 


dielect 
show a remnant or 


num value of the 


curs ge-signal’ 
beginning at 


1-4°K. The 


Fig. 2. Within experimental error there appears to 
be no discontinuity in the temperature-dependent 


values of the saturation polarization. The maxi- 


tum value of the saturation polarization was 


found to be ~ 1°5 pC cm? at 1-4°K. The coercive 


field was estimated to be ~ 670 V/cm.} 
dielectric constant at a 


Measurements of the 


frequency of 1lkc’s and with applied fields 

1 V/cm (General Radio CRL bridge) over a 
temperature range from 296 down to 1-4°K, show 
in value from 370 at room temperature 


to a maximum of 18,000 at 1-4°K. Saturation of 


a Variation 


the dielectric constant with temperature variation 

observed to begin at The 
temperature value is in agreement with that found 
by YOUNGBLOoD"”) and GRANICHER®), 


The temperature-depe! dence of the dielectric 


was ~ 10°K. low- 


bove liquid-nitrogen temperatures fol- 


constant ai 


lows quite well that of Curie-Weiss law for 


dielectrics, with 8-64 x 104 for the constant of pro- 
portionality and 35°K for an extrapolated value of 
the Curie temperature (Fig. 3). At temperatures 
below 77°K, and particularly at 50°K, the dielectric 
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ined from The National Lead Company. 
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nication) at I.B.M., Poughkeepsie, New 
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Fic. 1. Hysteresis loops in SrTiO3 from 77 to 4:2°K. The crystal 
was cut parallel to one of the cube faces (in evidence on the original 
boule) and was approximately 0-03 cm thick, with an electroded 


area of ~ 0:15 cm?. The sweep frequency was 200 c/s and sine 
wave. Vertical and horizontal scope calibrations are 10 and 20 V/cm 
respectively. The reference linear condenser had a value 0-02 pF. 
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emr 


Fic. 2. Temperature-dependence of saturation polariza- 
rm 


tion. The saturation polarization is not zero at T = To, 
though no hysteresis, and hence no spontaneous polari- 


zation, was detected above this temperature, because of 
the non-linear character of the D—F curves. 


| 
— 


80 120 160 200 240 280 320 
Temperature, °K 

Fic. 3. Reciprocal of the dielectric constant of SrTiO3 
versus temperature. 





H. 


constant deviates appreciably from the Curie law 

and in fact exhibits saturation at a temperature 
near 10°K. 

Fhe behavior with temperature of the small- 

nal dielectric constant does not appear to ex- 

a maximum at the transition temperature, as 

sht be expected for a material exhibiting a 

lassical second-order transition. The extrapolated 

35°K for a Curie temperature is thus 

be questionable. However, the be- 

vior of the dielectric constant over the entire 

mperature range may be described by a relation 

by Barretr®). His calculation is an 

extension of Slater’s theory to include quantum 

become those 


effects, which may important in 


cases when the transitions occur at relatively low 


temperatures. The essential feature of BARRETT’s 


calculation is the introduction of a characteristic 


temperature 7) = hw/k, where w is the funda- 

tal angular frequency of a harmonic oscillator 

a potential well and may be thought of as that 
. 


mperature below which quantum effects become 


mportant. His equation relating dielectric constant 


with temperature has the f 


form: 
VM 
T 7) 


coth —T 
the two limiting cases of 7 
M 
1/2T7,—Tp 


V 
T—Tp 
The equation as plotted in Fig. 4 has been 
Written in terms of dimensionless parameters and 


has the form: 


WEAVER 


T; 

Yo oT. ° 
Z1o 

Of the three possible choices of x9, a rather good 

fit with the experimental points over the entire 

temperature range was obtained for 7p +(0)-453 


7), or for Tp +45°K and 7; ~ 100°K.®) (This 





Fic. 4. 


variation of the dielectric constant with temperature. 


Comparison of theoretical and experimental 


The three smooth curves represent possible choices of 
the parameter xo T; 270. The experimental points are 


circled 


temperature would correspond to an oscillator 
frequency of 2:1x10!2 c/s or, in terms of wave 
numbers, 70 cm~!, which very likely lies beyond 
the practical far-infrared region.) This value of 
45°K for the transition temperature as a parameter 
in BARRETT’s theory is in substantial agreement 
with the hysteresis data of 40—50°K, but higher 
than the value of 35°K predicted from extrapola- 
tion of the Curie-Weiss high-temperature data of 
Fig. 1. The transition appears to be of the second 
kind, as is evidenced from the plot of polarization 
versus temperature and from the fact that the 
hysteresis loops observed near the transitions were 
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always single and not double as is observed in 
BaTiO3.* 

The crystals were cut in thin plates parallel 
to one of the cube faces. Electrical contact was 
electroding the 
and mounting 


established by crystals with 


sputtered gold them between 


spring-loaded gold-plated contacts. All tempera- 


tures from 4:2 to 77-3°K were measured by a 
resistance thermometer, and all temperatures from 
77 to 296°K were measured by a copper/Constan- 
4-2°K 


were determined from measurements of helium 


tan thermocouple. Temperatures below 


vapor pressure as well as from the resistance 


thermometer. 
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* In particular, it may be noted that the slope of the 
D-E curves at the Curie point always decrease with in- 
creasing applied field. This is a characteristic of second- 
order 
transitions. 
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for his contributions during the course of this work and 
to Prof. E. T. JAyNes for his continued interest in the 
program. The author is also indebted to Dr. G. BuRNs 
and Dr. 'T. G. DUNNE of the Ferroelectric Group at 
I.B.M., Poughkeepsie, New York, for very profitable 
discussions and to Dr. BRICKENKAMP, of The National 
Lead Company, who was instrumental in supplying the 
single-crystal boules of SrTiOs. 


REFERENCES 


. YOUNGBLOOD J. F., Phys. Rev. 98, 1201A (1955). 

. Hut J. K., Proc. Phys. Soc. A63, 1184 (1950). 
GRANICHER H., Helv. Phys. Acta 29, 210 (1956). 
KANz1IG W., Ferroelectrics and Antiferroelectrics Vol. 

4, pp. 23, 66. Academic Press, New York (1957). 
MU.ier K. A., Helv. Phys. Acta 31, 173 (1958). 
RuUSHMAN D. F. and Strivens M. A., Trans. Fara- 

day Soc. 42A, 231 (1946). 

. SMOLENSKII G. A., Translations 

U.S.S.R. 21, No. 2 (1954). 
SAWYER C. B. and Tower C. H., Phys. Rez 

(1930). 

Barrett J. H., Phys. Rev. 86, 118 (1952). 

. Jaynes E. T., Ferroelectricity p. 77. 

University Press (1953). 


Bull d 1 ad. Sct. 


35, 269 


Princeton 





Pergamon Press 1959. Vol. 11. pp. 278-283. Printed in Great Britain. 


PHYSICAL PROPERTIES OF NEPTUNIUM METAL 


ELECTRICAL RESISTIVITY AND THERMOELECTRIC 
OF NEPTUNIUM METAL IN THE RANGE 300-900°K 


SOME 
Ill. THE 
POWER 

J. A. LEE, J. P. EVANS, R. O..A. HALL and E. KING 


Atomic Energy Research Establishment, Harwell 


(Received 28 May 1959) 


Abstract | resistance of a sample of neptunium metal has been measured between 300 


’ 


1 900°K, and the resistiy 
I m.f. of 


eacn aliotrope, 


iscussed briefly. 


1. INTRODUCTION 
describes part of the work on 

1 metal that was 

im 237 became available 


gdom in gram quantities.) The 


perties of neptuniu 
n neptunit 

gramme, which confirmed the 

allotropic modifications, desig- 

1 y,(2°3) between 300°K and the melt- 

910°K, 


has been described previ- 


2. RESISTIVITY MEASUREMENTS 


dling of neptunium is complicated by 


¢ 
. Ordinarily the problem is a con- 
7 
li 


ly, as the major 
237 


sequenc 4-emission onl) 
neptunium is neither 


tive. The 


ist 7 pc 
health hazard is 


3 or plutonium; work on quantities 


greater than a few milligrams must be carried out 
in glove boxes. The general techniques for this 
type of work are now firmly established; all the 
handling of the neptunium metal was carried out 
in free-standing glove boxes, the box atmosphere 


being high-purity argon. 


(a) Specimen purity 

Analysis of the reduction billet) showed im- 
purities to be present in the following weight per- 
centages: calcium 0-34, uranium 0-22, nickel 0-06, 


ity of neptunium in its 


a neptunium 


three allotropic modifications calculated. A 
platinum thermocouple has been made within 
1 ¢] 


and the corresponding absolute thermoelectric 


magnesium 0-03, chromium 0-03, plutonium 0-03, 
aluminium 0-02, vanadium 0-06 and molybde- 
0-05. It is possible that the calcium and 


removed 


num 
magnesium are largely by subsequent 
argon-arc melting. The measured density of an arc- 
melted sample was 20-25+0-02 g/cm’, as com- 
pared with the theoretical X-ray value 20-45 


g/cm’, 


(b) Experimental methods 
The 


potentiometric techniques, using a cylindrical rod 


resistivity was measured by standard 
of neptunium 4 cm long by 0-2 cm diameter, pre- 
pared from an arc-melted slug by casting under 
vacuum into a precision-bore silica tube. Mea- 
surements were made under vacuum in a resist- 
ance furnace, the specimen being held in a jig 
formed from a massive copper block, to reduce 
thermal gradients along the specimen length (Fig. 
1). The specimen temperature was measured by a 
calibrated Chromel/Alumel thermocouple with its 
hot junction in touch contact with the specimen 
at the centre of its length. Potential and current 
contacts were made by spot welding four 0-010- 
in.-diameter copper leads to the rod, to reduce con- 
tact resistance; the potential leads were continuous 
from the specimen to the potentiometer. 
Measurement of the resistance of the neptun- 
ium was made under equilibrium conditions; the 
temperature of the copper jig was held at a series 
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af 





Fic. 1. Resistivity jig. 
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Table 1. Resistivity of neptunium 


Phase Run number | Temperature (°K) | Resistivity 
116: 
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Fic. 2. Resistivity/temperature graph. 
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and the variation in re- 


electrical energy dissipated in the 
1 resistance of the 


, 
measured, tne 


power being determined by extra- 


lable 1 and shown graphic- 


corrected for thermal ex- 
phases and for change in 
transtormations, 


ind densities 


measurements, 
leter- 


' 

Values ¢ 

No correction 

thermal expansion within the 


1] ] oe ares 
iable value is not available. 


tne maximum error 1n 


inaccuracy 1n deter- 


the potential con- 
llameter. These 
per cent. 
after cycling 
I oth between the 
specimen diameter 
measure- 
\leasure- 
before 


Od agreement 


3. THERMAL E.M.F. MEASUREMENTS 


I ents We made on 


surem 


Fic 


and ] KING 


QO. » HALL 


the same neptunium rod as that used for the re- 


sistivity determinations. 


(a) Experimental methods 

A neptunium platinum thermocouple was made 
by spot welding an equal length of 0-010-in.- 
diameter platinum lead to one end of the rod to 
form the hot junction and forming the cold 
junctions by spot welding copper leads to the other 
ends of the neptunium rod and the platinum wire. 
The welding operations were carried out in an 
argon-filled glove box, and good clean junctions 
were obtained. 

The 
Fig. 3, The 
cylinder, 1 cm long by 1 cm diameter, held in a 

was the 


The cold 


ct ypper 


specimen jig is shown diagramatically in 
hot junction was enclosed in a copper 


close-fitting alumina crucible which 


of furnace. 


rormer a small resistance 


junction was enclosed in a _ massive 
block. 
The thermal e.m.f. of the couple was deter- 


1 within the temperature-stable range of the 


modifications, using standard 


> allotropic 
potentiometric techniques. Measurements were 


made in a vacuum furnace, the cold junction being 
erature at the lower end 


controlled at a fixed temp 


f the temperature-stable range of the phase, using 
whilst the hot-junction tem- 
means of the small sub- 


() 


lain furnace, 


the 1 
perature was raised by 
diary furnace. The temperatures of the two junc- 


calibrated Chromel 


tions were measured by 


Alumel thermocouples in touch contact with the 


3. Thermal e.r 
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Fic. 5. Absolute thermoelectric power. 
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easurements were made dyna- 


ng rate roars 4 


min, 


Fig. 4, 

ted against 

1-junction 

of the plot 

5 shows the absolute 
lated from the slope of 
ind the 


im.) Values for 


absolute 


d plutonium?) are in- 


The absolute thermo- 


alue in all 


4. DISCUSSION 
of a Wigner—Seitz approxi- 
wave function for 
ind similar work by LEHMAN 
have indicated that in 


] + 
electron 


7p atomic levels are 
nd are most 

The band 

1S broad, ~~ 6 

ery uniform over 

he Sf states form a 
the 


and about 


tially occupied. 


that 


gh his broad con- 


similar to 


rather than 6d 

le] ity-of-states 

ntirely 5f. It 

structure for the transition 
kely that a similar picture holds for 
plutonium. Experimentally the 
for a-neptunium™) and its large 
(16) indicate a high 
The high 


susceptibility 

at tl cS Fermi surtace. 

ne resistivity could be attributed 

resistivity could be attriDbutec 

ring of the conduction electrons into a 

w high-density band; a comparison of the 
function c/M6p?, where c is the specific conduc- 


M the at 


ows that 


mic weight and @p the Debye tem- 
thorium, 
into a 


tivity, 


] ] . 
perature, sl the elements 


ntinin 
pt intum 


uranium, n¢ 


plutonium fall 
re} M6 p* 


series with 


wr- i 
well-defined 
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0-68 x 10-2, 0:27«10-" and 0-17x10-? at room 
temperature for thorium, uranium, neptunium 
and plutonium respectively, a value of @p for 
neptunium = 117°K from its 
melting point by using the Lindemann expression. 


being leduced 
yeiIng aeaucec 


Tabie 2 shows the variation of the temperature 
coefficients of resistivity 


Table 2. 


Temperature 


Coefficient of 
10° 


Phase Temperature (°K) 
resistivity X 


46 
28 
18 
12 


6 


coefficient of resistivity with temperature in the 
three allotropes. For «-neptunium the coefficient 
falls from a positive value of 46x 10-5 at 300°K 
to a value approaching zero at the top of its stable 
temperature range. A similar form is shown for 
phase, whilst the temperature coefficient 


> 


the 6 
of the y phase is negative. Curves of this form, 
associated with anomolies in magnetic suscepti- 
bility, have been observed with the rare-earth 
metals; alternatively the decrease in the temper- 
ature coefficient of resistivity could be attributed 
to an increase in the number of carriers, though 
experimental data are too limited for any serious 
discussion. 

The thermoelectric power is very sensitive to the 
form of the Fermi surface. It depends on the way 
in which the mean free path and the effective mass 
of the electrons, which determine electrical con- 
ductivities, vary with energy. Conventional theory 
leads to the expression for the thermoelectric 
power, dé dT (17.18) 


dé 
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The subscript { in equation (1) means that the 
derivative is evaluated at the Fermi surface 7(K) is 
the relaxation constant and K is the wave vector 
defined so that AK is the momentum. The other 
symbols have their usual 
negative. For pure metals this expression is valid 
whatever the relation between FL and K at 
temperatures greater than the Debye temperature, 


significance; e is 


i.e. it should hold for neptunium in the range 
in which the thermoelectric power has been 
measured, 

To a first approximation we may discuss nep- 
tunium on a two-band picture. Bearing in mind the 
experimental data, the position is analogous to the 
case for uranium, which FRIEDEL has discussed in 
some detail.“5) We have two possibilities: either 
the Fermi surface is overlapped by a single in- 
verted narrow band, with a high density of states, 
or it is overlapped by both a narrow band and a 
broad conduction band. In the former case a high 
positive value for the absolute thermoelectric power 
would correspond to a large negative slope for the 
density-of-states curve. In the latter case the con- 
ductivity would be to a large extent inversely 
proportional to the probability of transition from 


the conduction band to the narrow band,“ and a 


high positive thermoelectric power would corre- 
spond to a narrow band with a high positive slope 
d(NE)/d(E£) and vice versa. 

The absolute value of the thermoelectric power 
in all three phases of neptunium is small and nega- 
tive, indicating that the slope of the density-of- 


states curve must be small. 
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Abstract 


With tne floating-zone technique we have obtained super-pure, uncompensated silicon 


of p-type with a resistivity above 100 000 Qcem. The intrinsic conductivity of these samples reaches 


neal 


to 40°C. The intrinsic density m obtained over a range from 50° to 100°C agrees quite closely 


with the mj-values determined by other investigators. The distribution coefficient k of boron is 


slightly below 0-9. 


Ir silicon is subjected to a sufficient number of 
zone passes in a floating zone-refining apparatus” 
under vacuum, the material obtained is uncom- 
pensated and its conductivity (in the extrinsic 
boron content. 


range) is determined by the 


The resistivity measured on such rods is a measure 


of the degree to which the boron concentration 


been reduced in the preceding chemical 


has 
process,* since boron can hardly be removed by 
zone refining as a result of its near-unity distribu- 
tion coefficient.* After such a sample rod had been 
subjected to 71 zone passes (specimen 6), the 
variation of resistivity with temperature shown in 
Fig. 1 was obtained{ and values of 150,000 Q cm 
(300°K) were obtained at its pure end where the 
1011 
cm-%, It therefore appeared reasonable to extend 
measurements on the conductivity 


contained in the references (4—7) to lower tempera- 


boron impurity level had been reduced to 


intrinsic 


tures. At first the measurements of the Hall effect 


* For the hydrogen reduction of silicon halides see, 


for example, HOLBLING and 'THEUERER 

+ With a great number of zone passes made at a slow 
ng rate, light evaporation still appears, which makes 

it possible to reduce the boron level by a factor between 

») 4c 


na > 
4 and J. 


t The high number of zone passes was easily obtained 
with a fully automatic floating zone-refining apparatus, 
which R. Emeis had designed for our purposes. The 
principles of operation were discovered by R. EMEIs, 
W. Kewuier, H. Quast and Th. RuMMEL; these differ 
essentially from those of BUEHLER’s arrangement.” 
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and the conductivity were made above room 


temperature and evaluated. The single-crystal 
specimens, which were of the p-type at room 
temperature, were cut into plates 3x4x25 mm. 
To avoid adverse effects due to surface con- 
ductance, the surface was lightly 
PuTLeY and MircuHe..)). Pointed spring con- 


tacts of brass were used as probes. The equipment 


ground (see 


for low-temperature measurements was similar to 
that described by Wess) and RuppREcHT®), 
except that a water bath was employed instead of 
liquid nitrogen. The electric field strength 
remained below 1 Vcm-!. The Hall voltage 
was measured by a vibrating condenser electro- 
meter.§ To obtain high sensitivity it proved 
necessary to compensate the zero voltage of the 
probes; likewise, compensation for false thermal 
effects was provided by reversing both the sign of 
the current and the direction of the magnetic field. 

As is conventional, the electrical conductivity 
was logarithmically plotted against 1/7 (Fig. 2). 
The intrinsic conductivity range was entered at as 
low a temperature as 40°C (specimen 6) and 50°C 
(specimen 5). At higher temperatures the curves 
are in good agreement with the intrinsic conduc- 
tivity values found by PuTLey and MircHeti™), 
A corresponding plot of the Hall coefficient is 
shown in Fig. 3. The change in sign of the Hall 
§ Frieseke und Hépfner, Erlangen, Germany, Type 


No. 408. 
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is function of the rod length x of two zone-refined single crystals 


Fic. 1. Electrical resistivity < 
of silicon. 
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ductivity uo, 
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, MO“MK Fic. 3. Hall coefficient of p-type single crystals of silicon 
as a function of the temperature. The values marked 
correspond to those of Fig. 1. For comparison values for 
an n-type specimen according to PUTLEY and MITCHELL’ 


are plotted (curve 3). 


Fic. 2. Electrical conductivity of p-type silicon single 
crystals as a function of the temperature. ‘The curves (1) 
taken from a paper by PuTLEY and 


and (2) are 
MITCHELL!”), 
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f the intrinsic Fig. 4 shows the results for the variation of the 
he concentration intrinsic density with temperature obtained by a 
intrinsic number of other workers.©- It proves that the 
nt with the values obtained here fit very well with the formula 
d Mircuett = given by Puttey and Mitcue.i™ (line drawn in 
f the electri al ‘ig, 4): 
] 


nt Ry can be 
9 ‘ 1-206 eV 


yin 1-61 x 1020 
ally plausible 


) ‘ 


300°K 
electrical con- 
written 
However, the values of Morin and Martra®) and 
those of Heriet®) are about 10-20 per cent 
Considering the other inaccuracies (es- 
lh, 


regards the mobility values assumed), 


d agreement is obtained.* 
ally, the resistivity curves of Fig. 1, the values 
ch have been measured by the conventional 
two-probes method, can be u to calculate 
the distribution coefficient he boron which 
On the 
slope obtained after an 
adequate number of passes remains constant, 


1 


gives for the distrib it10n Cor fficient k 


The gradient dln p/dx can be taken from Fig. 1, 
some degree of uncertainty resulting only from the 
length / of the liquid zone. The effective length 


+ 


lee is generally somewhat smaller t 


han the visible 
overall length, as the boundary between the solid 

juid zones is not a completely plane surface. 
The evaluation of the curves results in a value k = 
0-87 for specimen 6 and k = 0-89 for specimen 5. 
These values are in very good agreement with those 
given by HALL"), who calculated the distribution 
coefficient for boron as 0:9. 


Acknowledgements—We are grateful to Dr. E. SPENKE 

1 Prof. H. WELKER for the encouragement given in 
this work; special thanks are due to Mr. R. Emets for his 
aid in construction of equipment. 


* Special mention should be made of the work of 
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characteristic of silicon rectifiers. 
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Abstract—The« tem P: apor), SiOQe(thin film) 
tat 1 le The p 


pid and comple te chemical reaction appare ntly takes place between the 


and single-crystal silicon has been investigated 
-type silicon underneath the silicon oxide film was used as 


r phosphorus oxide, forming a glass (or compound) of unknown 


licon interface. A sharp boundary is found between the glass and 
hat the growth of the glass is limited by the diffusion of the 


little or no diffusant left to diffuse in the unreacted silicon 
glass/silicon dioxide interface. The growth of this com- 
and is experimentally given by x»”"/t 1:7 x 10 


rh 
250 exp(—1°46/2k7T»,) «/ (hr) over the temperature range 


.e diffusion time and 7\m the diffusion tempera- 


complete masking of the silicon oxide against 


] i] f ] + 1 17 
yxide film failed to mask or only partially masked 


tm, Where xo 1s the original oxide 
performed and could be inte rpre ted by using a two- 


ase, ¢ species ot phosphorus or pho phorus oxide apparently 


fusion coefficient, D;, followed by the diffusion of phosphorus in 
fusion coefficient, De, to form a m—p junction underneath the glass. 
I boundary between the glass and the silicon 
tween complete masking and partial masking is 
ver thickness 500 A. Such a rapid change represents t 
I model for the growth law of the glass in s 


1. INTRODUCTION used as the impurity atom. The results are dis- 
] been used for selec- cussed in terms of two approximate diffusio1 


¢ diffu- models. 


tar 


semiconauctor-dcevice fabrica- 


completeness of masking of phos- EXPERIMENTAL APPARATUS AND 
it: | through TECHNIQUES 


diffusion Ihe oxide film was grown on silicon slices in a high- 


impurity vapor pres- temperature, ypen-tube furnace containing a Mullite 


' oe furnace tube of 45 mm inside diameter. The oxidizing 
p-type) Origin- 


masking for the 


. atmosphere consisted of tank oxyg 


n saturated with 


r€ 
water at r m t nerature (ar id 25°C). The ryge 
water at room temperature (around 2. . Lhe oxygen 
purity diffused = y 


as allowed to flow over the silicon surface at a rate of 
adjusting the 500 cc/min 

' we . The silicon sli were p-type, 0°30 Q-cm, ~ 200 u 

eters. A series of experiments were o NOUR SHCes Wore P-type, 


x7} 


4 1 of ti 1 x, cut from a single crystal of (100) orientation. One 
which several ¢ tne above para- 


he surfaces of the silicon slices was mechanically 
; 
id in which phosphorus was 


polished to a mirror finish with Linde A aluminum oxide 
powder. The other surface was lapped with carborundum 
powder of 1950 grit. All experimental data were obtained 
on the polished surface. 
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Corporation, 
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rTr . . . o . 

Ihe diffusion experiments were performed in a two- 
zone, open-tube furnace system similar to that described 
by Froscu and Derick"), The system is shown in Fig. 
1. The carrier gas, Ne, was dried through a silica gel 
drier and a cold trap of dry ice and acetone mixture at 

786°C. Traces of water in the carrier gas would cause 

POs 
source 
2ll°C 


Silicon 
‘ slice 
Quartz tube 


vi 


Acetone dry ice 
cold trap 


Tank N- 


ICA 


ge 
Fic. 1. Schematic of the two-zone phosphorus-diffusion 
furnace. 


the life or the constancy of the vapor pressure of the 
P2Os source to deteriorate rapidly and tend also to build 
up oxide on the silicon surface during diffusion. The 
carrier gas flow-rate was maintained at 200 cm?/min 
through a quartz furnace tube of 34 mm inside diameter. 
The furnace tube was thoroughly rinsed in tap and de- 
ionized water after each experiment and dried before 
being used again. Fresh and dry P2Os powder was 
loaded in a cleaned and dried quartz boat and pushed 
into the low-temperature (source) zone of the furnace. 
The P20s5 was usually aged for 1 hr before the start of 
the experimental run. For all the experimental data pre- 
sented, the source was held at 211°C. Fresh PoOs was 
used every 4 or 5 hr. 

The oxidation and the diffusion-furnace temperatures 
were controlled to within +1°C over the entire duration 
of the experimental run by a thermocouple-controlled 
automatic system. The silicon samples and the P2Os5 
source were placed in the flat temperature zones where 
temperature variation over the zone was less than 1°C. 


3. EXPLORATORY EXPERIMENT 

In order to design a complete set of experiments 
to determine the diffusion characteristics of phos- 
phorus in silicon oxide films, exploratory experi- 
ments were performed to ascertain that the re- 
action of phosphorus and silicon oxide would be 
accounted for by a diffusion model. The solution of 
the diffusion equation requires that the diffusion 
depth, x, be proportional to the square root of the 
diffusion time—the parabolic law. In the ex- 
ploratory experiment, this relation was verified for 
the condition of complete masking at a diffusion 
temperature 7g = 1100°C. Oxides of various 
thicknesses, x9 were grown, and the diffusion time, 


> 
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tm, required for each oxide mask to fail, i.e. just 
before a n-skin is formed, was determined. The 
experimental results, shown in Fig. 2, indicated 
that a parabolic law was satisfied. 


0 


v7. 


Fic. 2. Exploratory experimental results of the diffusion 
time, tm, at which a silicon oxide film of a given thickness 
xo fails to mask against P2Os vapor at a diffusion tem- 
perature Tg = 1100°C and a P2O5 temperature T, = 

211°C. The original resistivity is 0°3-Q-cm p-type. 


4, EXPERIMENTAL RESULTS 
In view of the confirmation of the diffusion 
model from the preliminary experimental data, ex- 
tensive experiments were designed to determine 
the mask-failure condition at various tempera- 
tures. Some partial-masking experiments were also 
performed and are discussed below. 


(a) Oxide films on silicon 

The oxide films were grown at two tempera- 
tures: 1200 and 1300°C. Accurate oxide-thickness 
measurements were obtained with a Beckman 
DK-2 spectrophotometer modified for reflectance 
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measurements € ccal . The results obtained by 

per cent and lie on a AGENZA®) and by Law®) on single-crystal silicon 

only solid lines are drawn in surfaces show an activation energy of 1-7 eV (40 
showing individual experi- kcal/g-mol) in the range 750—950°C. The activa- 
he reflectance measurements. tion energy compares favorably with that of 


BARRER™), who obtained a value of 31-2 kcal/g-mol 


permeability experiments on 


hed oxidation data for silicon are 


4. The data obtained by EvaANs 





silicon oxide film on a silicon 
To(°K), the reciprocal of the 


oxidation temperature. 


CHATTERJI®) on polycrystalline silicon dis- 


at they obtain films about ten times 
same temperatures. 
b) Silicon oxide mask-failure condition 
One series of experimental results is presented in 
in Fig. 3 indicate Fig. 5. In this series the diffusion time, tm, was 
xide film. The fixed at 30 min (the subscript m denotes the mask- 
activation energy of this process, estimated fr ing condition). Silicon oxide layers of various 


the data at the two temperatures, is rot ghly 1: thicknesses were prepared and exposed to P2Qs. 
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Diffusion was performed at several closely spaced 
temperatures to determine 7'p, the temperature 
at which the oxide fails to mask against PoOs. 
Mask failure was ascertained by the presence of an 


1000/Tm, °K7 
oxide film 
a diffusion 


Fic. 5. The thickness at which the si 
fails completely to mask against P2Os5 vapor at 


} 


time tm = 30 min vs. the reciprocal of the diffusion 


temperature, 1/7m(°K). 
n-skin underneath the glass. The n-skin was de- 
tected by a hot probe after the glass had been 
dissolved in hydrofluoric acid. Each point in Fig. 
5 corresponds to about three to five trial 3-hr 
diffusion runs. 

From these data, the activation energy (Eq) of 
the diffusion process of phosphorus oxide in the 
silicon oxide film is found to be 1-43 eV. 

The thick: 


diffusion has been neglected in the data of Fig. 5. 


increase of the oxide ss during 
This approximation is justified from two observa- 
tions: 


(1) The original oxide thickness, xo, required for 


masking is considerably thicker than the addi- 
tional increase during diffusion, as estimated from 
Fig. 4. 

(2) There is no oxygen that 


during 


present other than 
chemically combined in the PgO5 vapor 
diffusion and that distributed and un1 
SiO: during the oxide-film growth. 

Hence, it is probable that the additional 
antic ipated 


oxide- 
film growth would be even less than 
from the data given in Fig. 4, 
correspond to a constant-surface-concentration 


since the latter 


oxygen source. 
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Another series of experiments was performed 
with a fixed oxide layer thickness x9 = 0-36 pu 
obtained by oxidation at 1300°C for 1 hr. With 
several trial experiments at a given diffusion tem- 
perature, 7'm, the diffusion time, tm, at which the 
oxide layer failed to mask against PoOs, was ob- 
tained. The experimental data are presented in 
Fig. 6. These results indicate an activation 
of 1-47 eV, in agreement with the experi 
} 1 mass of the sili 


Fig. 5. Because of the therma 


} 


at which : 1 


The diffusion time, tm, 1 silicon oxide 
= 0°36 p 
the reciprocal diffusion 


1/Tm(°K). 


Fic. 6. 
film of 
Pol J5 Vv apor VS. 


thickness xo fails to mask against 


temperature, 


slice and the sample boat, the high-temperature 
data at relatively short times tm may not be accur- 
ate. 

The experimental results of mask 


analyzed by using a diffusion model. TI 


S, it may 


be assumed that 


Xm 


(4.1) 
24 (Ditm) 


nstant and 

the 
interface for the limiting case of complete reaction 
at the glass/silicon D,; = Do 
exp(—q/kTm) is the diffusion coefficient of phos- 


phorus or an oxide of phosphorus in the phos- 


is a function of the 


Here ZL is a ct 


1 1 4°,° a . : Av 
boundary condition at vapor/silicon oxide 


oxide interface; 


phorus silicate glass produced by this diffusion; 
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is the silicon oxide thickness and fy» is the diffu- 
time. The experimental data from Figs. (2), 

1 reduc ed 
Fig. 


the three sets of experiments lie on one curve 


by means of equation (4.1) 


1 ] 
ited 1n 


7. It is seen that the results 
are thus consistent with equation (4.1). The 
ita can be fitted by the relation x» \/ (tm) 250 
1-46/2RT) w//(hr), or Xm?/tm 1-7 x 10-7 
1-46 kT) cm? sec. 

ig. 7 the calculated square root of the diffu- 
efficients is also plotted from data of partial- 


Che diffusion coefficient D is the same as 


ng experiments discussed in the following 


(4.1), Deo is the diffusion 
nt of phosphorus in silicon, neglecting any 


The 


while 


ration-depe! dence. detailed calcula- 


ons are discussed in a later section.* 


Partial masking by silicon oxide 


The mask-failure conditions determined in the 


if exceeded, would result in an 
in the silicon at a distance x; beneath 
oxide. Several series of experiments 
i for 1/(De) in Fig. 7 in 
» values shown in Table 1 were obtained under the ex- 
in the text but with 


addition to the 


nental conditions described 


nitial oxide thickness. 
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and D. A. TREMERE 
were performed by fixing the diffusion tempera- 
ture 7q and the diffusion time tg while varying the 
oxide thickness. Thus, increasing amounts of 
phosphorus pass through the silicon oxide/silicon 
interface as the oxide layer gets thinner. The result 
of a typical experimental series is shown in Fig. 8. 


Fic. 8. The four-point probe resistance and the n—p 
junction depth of a n-type (phosphorus) layer formed by 
diffusion of phosphorus oxide through a silicon oxide 
film vs. the silicon oxide film thickness. 

The sheet conductance (J, V’) was obtained by the 
four-point probe technique, while the m—p junc- 
tion depth, xj, was obtained by cylindrical grooy- 
ing and subsequent staining with a solution of con- 
centrated hydrofluoric acid containing 0-25 per 
cent nitric acid. Experimental results of junction 
depth in silicon vs. original oxide thickness are 
shown in Fig. 9. A linear region was observed for 
each case. However, an extremely rapid drop of 
junction depth occurs near the masking condition. 
This indicates the existence of a well-defined mov- 
ing boundary or interface. 

The 
taken as an 


conductance measurement can be 


of the 


sheet 


indication concentration of 
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phosphorus at the silicon oxide/silicon interface. 
The sheet conductance can be calculated from:(?) 


ro # 
= #53 | au(C)Calx)—Co] dex 


0 


(4.2) 





Ty =\I50°C 


ty =O-Shr 


| i 100 °C 


Ne 


@ Experiments 4 


—— Calculations 








O-l 0-2 03 

Xo, Ht 

Fic. 9. The n-p junction depth, xj, versus the oxide film 

thickness xo for a diffusion time ta = 0°5 hr and diffu- 
sion temperatures 1100 and 1150°C. 
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Here q is the electronic charge, (C) is the majority 
carrier mobility, Co(x) is the concentration of 
phosphorus and C3 is the impurity concentration 
originally present in the bulk silicon. The experi- 
mental I/Vx; and the C2(0) calculated from J/Vx; 
are plotted in Fig. 10. The theoretical calculations 
of C2(0) are discussed in detail in a later section. A 











Fic. 11. The four-point probe resistance and junction 
depth of the m-type layer vs. the reciprocal diffusion time 
1/ta. The n—p junction is formed by diffusion of phos- 
phorus oxide through a silicon oxide layer of thickness 
xo = 0°36 at a diffusion temperature Ta 1100°C. 














atoms /cm3 


© o Experiments 


Calculations 











0! 


03 04 


X0, 
Fic. 10. C(0) and J/Vx; as a function of xo”. C(0) is the phosphorus surface con- 
centration or the phosphorus concentration at the interface of phosphorus silicate 
glass and silicon. The term xo is the silicon oxide thickness or phosphorus silicate 
glass thickness. Diffusion temperatures are 1100 and 1150°C. 
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unknown composition (PzSiy( ).) referred to as the 
“glass”. The reaction of the oxide of phosphorus 
and the unreacted silicon oxide at the interface be- 
1 the glass and the silicon oxide is again very 
rformed rapid, so that phosphorus concentration in the un- 
0-36 w ata reacted silicon oxide film decreases to zero in a 

li very short distance from the interface. 
The ternary system involving phosphorus oxide, 
ilicon oxide and silicon can be analyzed following 
the same line as that discussed above. For such a 
system, two approximate models may be considered 
for physical simplicity: one model for the com- 
plete-masking experiments and the other for the 
5. INTERPRETATION OF THE EXPERIMENTAL  Ppartial-masking experiments. ‘Thi model for the 
RESULTS binary systems discussed above, 1.e. Oo-Si or 
P5oO5-SiOs, may | sed to account for the results 
of complete masking. For partial masking, namely, 
phosphorus diffusion 1n ilicon through an oxide 
film, a two-boundary diffusion model is useful. In 
this it is assumed that the pregrown silicon 
ompletely reacted with the phosphorus 
ilicate glass. Thus, 
ve nec d con- 


1 


with diffusion coefh- 


f phosphorus or an oxide 


as 
of the phosphorus in sili- 
Do. The phosphorus 
assumed to be pro- 

of the oxide of 
interface. The 


ry diffusion problem 


with a composi- 
nal experiments must be 
[In this dis- 


is not 


o, 


1ate physical 
the exact solu- 
with chem- 
chemical re- 


ned by using 


or silicon oxide film 


and the 
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C’s are the concentration of the diffusants, i.e. phos- 
phorus oxide or oxygen. 

In equation (5.2) the reaction of the phosphorus oxide 
with silicon oxide or of oxygen with silicon is assumed 
to be in local equilibrium, so that the concentration of 


the reacted substance Se is directly proportional to the 


concentration C’2 of the substance free to diffuse. Thus, 
Ss RC 


Ihe rate of increase of the phosphorus silicate glass 


or the silicon oxide layer thickness is assumed to be pro- 
p yrtional to the net rate of the number of diffusing atoms 
crossing the interface xo(t). Thus, (5.5) results where N 
is the concentration of the reacted oxvgen in the silicon 
oxide or of the reacted phosph rus or pl ospl 1 
in the glass, assuming that the amount 

At 
silicon, it is a 
centration in the unreacté ili proportion: 


] 


in the silicon oxide. This b idary condition i 


Fic. 12. The concentration profile of the filt 
forming diffusant in the film or glass and in tl (5.3 ; 
: 3), where the factor m is t] seo’ ratio! rk I 
silicon or silicon oxide. isiabs ae tae oe Sep ce encan CAleeternes 
the corresponding interface. A similar boundary condi 
tion may be assumed for the case of phosphorus silicate 
glass formation. 


The solution 


boundary and it 
constant 


where L 1 


\ (7) L € xp L? er 


where Do’ /(1+R) (4/(7)rL exp? 
x(t), bP \ (r)rL exp 77? erfcrvL+1 


0C> ) : V (7)L exp L? 
Co-— (Co—N)x 
\ (a)L exp L? erf L—]1 


arf 5.11 
steak (5.11) 


V(7)rL exp r2L2 
C2(x, t) 
\ (7)rL exp 7°L? erfcrL+1 


x erfc 5.12) 
24/ (Dot) 
lere r \/(D;/D2). Thus, if the diffusant crossing the 
interface is completely reacted, it may be assumed that 
Co(xo) = 0 and a simpler solution is obtainex 
The subscript 1 denotes the region of the gla I erf x/2\/(Dy!) 
oxide film bounded by 0 < x < xo(t), where xo(t) is th Ci(x, t) Col be. 
moving boundary. The subscript 2 denotes the region of 
the unreacted oxide film or the unreacted silicon. The 
D’s are the corresponding diffusion coefficients and the V/(r)L exp L? erf L 


erf L 
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wth is predicted by (5.9), The solutions of the diffusion equation satisfying 


iin the diffusion constant equations (5.15)-—(5.19) are: 
_ (2n+1)xo+% 
fe eh oe 


C7i(x, t) . 
24/ (Dit) 


(2n+1)x9— | 
24/ (Dit) 


—« eric 


and 


, = 2n+1)xo-+rx 
Co(x, t) = m(1—a)Co S yn erfes : mali 
_ 24/ (Dit) 


n 0 


5.21) 


Here « = (m—r)/(m-+-r) and r V(D1/D2). 


(b) Analysis of experimental data at diffusion 
temperatures of 1100 and 1150°C 
The data from partial-masking experiments may 
be correlated with the theoretical calculations of 
the preceding section through equation (5.21). 
The surface concentration of phosphorus on 
silicon at the glass/silicon interface may be ob- 
tained from (5.21) by setting x = 0; 
C(0) = C2(0, 2) 
‘ ? 
A (2n+1)xo 
m(1—a)Co S a” erfc — 
a 2V/ (Dit) 
(5.22) 





This is plotted in Fig. 14. For x9/2./(D,t) > 0-7, 
only the first term of the series in (5.22) is signi- 
ficant, and the concentration profiles follow the 
-entr n re le « l y I S- “ > Ty 
centration profile of diffusing pho complementary error function. The match be- 
phorus silicate glass and the con- : , 
Pn “he tween the theory and the experimental data shown 
phosphorus in silicon. sa : gage’ 
in Fig. 10 gives 4/(D,) = 0:27 p/+/(br) at 
, 1100°C and y/(Dj) = 0°37 p/4/(hr) at 1150°C. Itis 


; a Rall > ener eta seen from Fig. 10 that the lower limit for the factor 
and is a constant. The subscript 2 denotes the semi- 7/m seems to be approximately 5. 

The D’s and C’s are the diffu- The condition at the m-p junction can be ob- 
ion coefficients and the concentrations of the diffusant, tained from (5.21) by setting x = a, and Co(xj, t) = 
respectively. The proportionality constant m is the C3: , 
“segregation coeflicient’’ of phosphorus at the interface } 


infinite region of silicon. 


lifferent value from that given in case (i). The initial 


da 


of silicon and phosphorus glass and has in general a J (2n+1)xo+rx; 
C3 = m(1—a)Co +3 a” erfe — — 


listribution of the diffusant in the glass is neglected in 


u 
simplify the problem. Thus, (5.18) is assumed. n=0 


order to : 
The more exact initial condition for Cj in place of (5.18) 
is given by (5.11) or (5.13), where t is replaced by 


xo2/4D;L2 given by (5.9). If x9/24/(Dit) is greater than ~ 0-7, the series in 
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(5.23) can be approximated by the first term when 
xo and rx; are comparable. Thus, the region of 
approximate proportionality between xg and x; 
shown in Fig. 9 is expected. As x9 becomes 





10 











14. The calculated phosphorus concentration at 
glass/silicon interface as a function of the glass 
thickness (or oxide thickness) xo/2/(Dit). 


smaller, the first several terms in (5.23) are com- 
parable, and the junction depth x; would increase 


less rapidly. Such a trend is also observed in the 
experimental results in Fig. 9. The behavior near 
the point of complete masking is not predicted by 
(5.23), even if one considers that C3 outdiffuses 
into the glass and Dg is concentration-dependent. 
In this region, the initial distribution of the diffus- 
ant in the glass becomes important, and the more 
accurate initial condition discussed previously for 
C(x, 0) must be used in place of (5.18). 

An approximate approach will be used in apply- 
ing (5.23) to the experimental data given in Fig. 9. 
The result of the two-boundary diffusion model is 


v (D1) (De) 
| (w//(hr)) \(#/4 (hr)) 


C(0) 
xo = 0 
(atoms/cm?) 
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derived on the assumption that the initial phos- 
phorus or phosphorus oxide concentration in the 
glass is zero. However, it is actually not zero, 
being given by (5.18), with the time ¢ replaced by 
x9?/4D,L? as discussed before. Thus, we may make 
an approximation to include the initial distribution 
by taking the result given by (5.21) or (5.23) re- 
stricting their applicability to times greater than 
tm, the time required for the diffusant to penetrate 
through the oxide of thickness x9. Thus, we may 
replace the time ¢ in (5.21) or (5.23) by tg—tm = 
ta—Axo2. We assume that tm — Axo2, where A 
depends on temperature only, since the masking 
condition follows the parabolic relation. Here tg 
is the diffusion time. For a given diffusion con- 
dition, the argument of the complementary func- 
tion in (5.23) must be a constant, so that we may 
write: 


Xotrx; = By (ta— Axo?) (5.24) 


by taking only the term m = 0. The constants A 
and B are empirically obtained by matching (5.24) 
to the experimental data and cannot be explicitly 
related to any of the physical quantities. However, 
approximate values of r = 4/(D;/D2) may be ob- 
tained. From these values of 7 and the vatues of Dy 
from (5.22), the values of Dz may then be deter- 
mined. 

An independent check on Dz may be made from 
the data at x9 = 0 by using (5.22) and (5.23). Thus, 


C3/C(0) = erfcx;/2\/(Det) (5.25) 


in which C(0), the phosphorus surface concentra- 
tion on silicon at the silicon/glass interface, is ob- 
tained from (4.2) by using BACKENSTOsS’s curves. (7) 
The self-consistent results obtained by matching 
the experimental data with (5.22), (5.24) and (5.25) 
are tabulated in Table 1. The calculated experi- 
mental value of LZ and Co/N using (5.14) are also 
given. 


| r = /(D1/De) 





0-80 | 
1-12 | 





7:9 x 107° | 
1-1 x 107 38 
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ting to note that the ratio of the 


= 


oefficients in the glass and in the silicon 
ely insensitive to temperature. From this 
nake an estimate of the upper limit 
t, m, by using the esti- 

10. Thus, 


0-07. 


m trom Fig. 
Q)- 5 
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the diffusion of 


through a silicon oxide film on 
the diffusion process can be 
while the 


models, 


il} 


approximat¢ 
| 7 
between t is occurs at 


of less 5 uw. During 
ete ly effective 
is no phos- 
the silicon 
phosphorus 
laver of a 
the 


to form a 
ity is the 
oward the 

with 


glass.) Thus, 
well defined and 
is limited by the 
} in the 


I norus 


. lic 
i | arabolic 
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and 


for the growth of the phosphorus silicate glass in 
silicon oxide. 

During the second step, at a later time, the sili- 
con oxide film is completely penetrated by the 
glass, and an -p junction is formed beneath the 
glass in the silicon from the n-type phosphorus im- 
purity. This situation can be approximated by 
assuming that the glass reaches a final thickness 
equal to the thickness of the original silicon oxide 
and no reaction takes place between silicon and the 

Then, the 
an oxide of 
the 
interface, 


diffusing phosphorus oxide species. 
model becomes that of diffusion of 
glass. As the 


the glass/silicor 


phosphorus in the oxide of 
} 


phosphorus reaches 
phosphorus atoms enter the silicon and diffuse 
away. The structural 
interface is not known, but it is approximately 


detail of the glass/silicon 


described by a small ‘‘segregation coefficient” for 


phosphorus between the glass and the silicon. 
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Abstract—lIt is shown theoretically that for high-resistivity alloys the lattice thermal conductivity 
Ki is proportional to T, the absolute temperature, and to po, the residual electrical resistivity. At 
higher temperatures (but < 96/20) or lower resistivities, K; becomes proportional to T? and indepen- 
dent of po; this is the behavior generally observed in alloys for which po is less than ~ 10 »Q cm. 
The theory is verified by measurements on a series of silver—-antimony alloys, in which po varies 


between 12 and 40 pQ cm. 


1, INTRODUCTION 
Most measurements have shown that the lattice 
component of thermal conductivity in well- 
annealed metals and alloys is proportional to T°, 
the square of the absolute temperature. This T? 
behavior has been shown theoretically to arise 
when the lattice waves are scattered predominantly 
by the conduction electrons,“-2) and a number of 
experimental researches®-4) have been interpreted 
successfully on this basis. Generally what is done 
is to write the thermal conductivity K as the sum 
of an electronic K, and a lattice K; term: 
ber 
K = Ke+-K, = ——+BT?, 
PO 

this equation being valid at temperatures where 
the lattice specific heat is proportional to T° and 
where the electrical resistivity has the residual 
value po. The constant Lo is the Weidemann- 
Franz ratio 2-45 x 10-8 WQ/deg.? 

In the course of measurements on some copper-— 
nickel alloys (unpublished), we found that for 
high-resistivity specimens, containing of the order 
of 40 per cent nickel, the thermal conductivity 
could not be expressed by the above equation, but 
that an additional term, proportional to T and of 
the same order of magnitude as LoT/po, was re- 
quired to fit the data. The same sort of behavior 
has been observed in the analogous silver— 
palladium alloy system by Kemp e¢ al.©) ‘The 

4 


a 


question of whether this anomalous term is part 
of the electronic or of the lattice component has 
been answered by PipparD, who developed a 
theory of ultrasonic attenuation in metals and 
suggested that its application to the theory of 
lattice heat conduction would lead to a linear term 
in the lattice conductivity of the right order of 
magnitude to explain the experimental results. 


2. THEORY 

PrpparD®) has derived expressions for the 
attenuation of longitudinal and of transverse 
waves by the free electrons which, though of 
different analytic form, are nearly the same 
numerically, and practically identical in their 
dependence on w, the frequency of the lattice 
wave, at least for low frequencies. For high fre- 
il f 


quencies, and this includes therm: juencies 


Te 
for temperatures above 0-01°K, it is shown that 
the 
becomes frequency-independent, in cot 


transverse wave attenuation levels off and 


ntrast to 
the longitudinal wave attenuation, which in the 
high-frequency limit is proportional to w. 

It has been recognized for a long time 
order to account for the observed magnitude of 
the lattice thermal conductivity as well as the ideal 
part of the electrical resistivity, it is necessary to 
postulate approximately equal transverse and longi- 
tudinal attenuations at thermal frequencies.“>?) 
If we accept this postulate and apply PipParRD’s 





stot) 


equation for longitudinal attenuation to waves of 


q 

i 
1] 
ad 


all polarizations, then 


Nm 


42/2 tan1«l 
—1). (1) 


Kl— tan Li] 


The notation is the same as PIPPARD’s, that is N 
is the number of electrons per unit volume, m is 
the electronic mass, p is the density of the solid, 
»¢ is the velocity of sound, 7 is the relaxation time 
f the 
and / is the electron mean free path. This may be 
substituted in the well-known equation for thermal 


electrons, « is the phonon wave number 


conductivity of a gas of particles of heat capacity 


Cy, and mean free path /s; 
K = 4lsu5C. (2) 


We identify /; with 1/%, and, using the Debye 


specific-heat formula, we get for the lattice con- 


; 


aut 


tivity: 
TIVITY: 


hw 


K 3nkv;( 7/0) 
kT 


where 7 is the number of atoms per unit volume 


and the other symbols are conventional. As in 
specific-heat theory, we replace the upper limit 
of integration by infinity, with negligible error for 
temperatures less than 6/20. Finally, for purposes 
of numerical calculation, we may substitute for 7 
and for / the appropriate functions of the residual 
electrical resistivity po, and for vs the expression 
in the Debye temperature 6, namely, 
m 20 ; 

7 T, Us (672n)-*, 

Ne “09 h 


at equation (3) may be reduced to: 


r93.2 
Se“k°p0 


(6272)4/3f2m2a92n8 


mvo(672n)* T 


Ne26 Po 


’ 


vo being the Fermi velocity. The dimensionless 
term in brackets in equation (4) has been integrated 


E. ZIMMERMAN 


numerically and is plotted in Fig. 1 as a function 
of a, which is also a dimensionless quantity. For 
a> 1 there is an asymptotic approach to the 
straight dashed line, whose equation is 6-131+ 
+13-774 a. Thus at “thigh” temperatures and/or 
in metals of low resistivity, K; becomes quadratic 
in 7, in accordance with most experimental 


a f f (az,z) dz oc 


° 


Fic. 1. A dimensionless plot showing K,/T as a function 


of temperature. 


observations. At the other extreme, however, K; 
becomes linear in 7, so that temperature-depen- 
dence alone does not distinguish between K, and 
Ke, the electronic component of the conductivity. 

Now the quantity @ may be written also as 
a Kml, where km = (RT /hvs) is roughly the pre- 
dominant phonon wave number. Hence the pre- 
ceding paragraph may be stated more explicitly 
by saying that a quadratic dependence of K; upon 
T is expected if the predominant phonon wave- 
length is short compared to the electron mean free 
path, but K; becomes linear in 7' in the opposite 
case. 

As PipparD has pointed out, at helium tem- 
peratures it should be necessary to look at alloys 
for which po > 10-° Qcm in order to see evidence 
of a linear dependence of K; upon T. In principle 
it would also be possible to see this dependence 
in metals of lower resistivity at lower temperatures; 
in this case however the electronic conductivity 
usually swamps the lattice conductivity. 


3. CHOICE AND PREPARATION OF SPECIMENS 

The measurements on copper-nickel and on 
silver-palladium alloys alluded to in the Intro- 
duction indicate that a linear term in the lattice 
becomes helium 


conductivity appreciable at 
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temperatures when the electrical resistivity exceeds 
10 wQcem, in qualitative agreement with the curve 
of Fig. 1. 

In view of the complicated band structure of 
these alloys, it appeared that a more rigorous test 
of the theory would be afforded by measurements 
on alloys of copper or of silver with a few per cent 
of arsenic or antimony, in which quite high resis- 
tivities can be attained 8) without perhaps changing 
the properties of the conduction electrons very 
much. Of the possible combinations, the silver- 
antimony system was chosen on the basis of ease 
of preparation. 

The proper amounts of silver and antimony 
were melted together in a plumbago crucible, 
using boric acid flux. Mixing was promoted by 
shaking the crucible, after which the molten alloy 
was poured into a graphite mold preheated to 
300 or 400°C, producing ingots of 4 in. diameter 
3 in. long. Specimens of rectangular cross-section 
0-100 x0-150x3 in. machined from the 
ingots. ‘These were sealed individually into eva- 
Vicor tubes and annealed for 20 hr. at 

below the liquidus. Subsequent micro- 


were 


cuated 
50-100 
scopic examination showed the grain size to be a 
few tenths of a millimeter. Care was taken not to 
deform the specimens in any way after annealing. 

All specimens were analyzed chemically, the 
results being given in the next section. No specific 
tests for impurities were undertaken. ‘The accuracy 
of the chemical analyses was such that we can say 
that the total impurity content was not more than 
~ (0-1 per cent. 


4. EXPERIMENTAL METHOD AND RESULTS 

The apparatus used for this work was conven- 
tional and will be described only briefly. A 500-Q 
wire-wound }-W radio resistor in a copper foil 
sheath was clamped to one end of the specimen 
to serve as a heat source; the other end of the 
specimen was clamped to the wall of the evacuated 
calorimeter can; and two 0-1-W, 47-Q Allen 
Bradley Resistors clamped at two intermediate 
points were used as thermometers. ‘The thermo- 
meters were calibrated using the pressure over 
the helium bath and the Leiden 1955 vapor- 
pressure scale, a procedure which may give rise to 
errors of the order of a few tenths per cent. The 
resistance temperature data were fitted by a 
“Clement equation’’. 
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log R solic 
, A+B log R+C log?R. 

Heat flow was adjusted to give one or two tenths 
of a degree temperature gradient along the speci- 
men. Thermal- and electrical-conductivity mea- 
surements were made consecutively on one filling 
of liquid helium, the same clamps serving for 
electrical as well as for thermal contacts, so that 
the geometries for the two measurements were 
identical. 

Residual-resistivity and composition data on the 
seven specimens are given in Table 1, and the 


Table 1 


timony 


Specimen . per cent) po( X 10-6 Q-cm) 


“I NO 


UbWWH eR 
ee te ceo 
Oo 
WwWN ND 
WG OO 
Amv wy A 


measured thermal conductivities are shown in 
Fig. 2, where we have plotted Kpo/T vs. T. On 
this system of co-ordinates the electronic thermal 


conductivity Ke appears as the horizontal dashed 





a 


watt-ohm/deg~) 
ro) 


‘al 


Kp/T (10 











Fic. 2. Thermal conductivity of the alloys listed in 
Table 1 as a function of temperature. In the units used 
here, the electronic component of K for all specimens is 
represented by the horizontal dashed line at 2°45 x 10-8. 
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the Wiedemann— between theory and experiment is fairly good. We 
do not observe the slight curvature exhibited by the 
that the data for specimen _ theoretical curve of Fig. 3; however, the departure 


trend. On the 


as somehow the result of composi- 


It, specimen 7 

which special attention 
its. Specifically, 

ll cuttings from 
roughly mixed 
hat the data for 


jualitatively with 
ir specimen 5. 
on some 

yoth the elec- 
ies increase by a 

my. The 

accurate, 

calibration errors re- 
} ] 
1. 


yarison between theory and experiment. 


(see text for ex 


of K; from quadratic dependence on T for po 
1040 cm, and the general dependence of K, 
DISCUSSION On po, are in very got d accord with the theory, 
, considering the many simplifying assumptions 


picture which emerges is that ° i: a" 
involved in the derivatio1 he theoretical curve. 


4” can be 


larly indebted 
ion which led 


; for several 
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Résumé—Ce travail a pour objet la prévision systématique de la structure des substances mag- 
nétiques au-dessous du point de transition et l’étude des différents cas qui peuvent se présenter 
lorsque les ions magnétiques forment un réseau de Bravais. On se place dans une approximation de 
champ moléculaire, mais on ne fait aucune restriction concernant la portée des interactions d’échange. 
Aprés avoir déterminé (Section 1) la température critique et la structure magnétique a cette tempéra- 
ture sans supposer a priori l’existence d’une décomposition en sous-réseaux, on montre (Section 2) 
que cette structure reste stable en dessous de la température critique, et on étudie les divers cas 
possibles 
I] peut arriver en particulier que la structure magnétique ait une période incommensurable avec 
celle du réseau cristallin. L’example du réseau quadratique centré avec couplage entre premiers, 
seconds et troisitmes voisins (Section 3) fournit une bonne illustration de cette étude. 
Abstract—The paper deals with the prediction of the structure of magnetic materials below the 
point. The molecular field approximation is used; exchange interactions with unlimited 
1ge are assumed; the magnetic ions are supposed to form a Bravais lattice. The critical tempera- 
ture TJ; is first calculated (Section 1) without assuming any decomposition of the crystal into sub- 
lattices, and the magnetic structure at 7; is given. It is next shown (Section 2) that the essential 
features of this structure persist below 7;, and the various possible cases are considered. It is 
possible that no decomposition into sublattices takes place, i.e. the magnetic structure and the 
structure have incommensurable periods. A detailed treatment is then given for the body- 
»d quadratic lattice (Section 3) with interaction between first, second and third neighbours. 


1. L’APPROXIMATION DU CHAMP Nous ne ferons pas d’hypotheses sur la portée 
MOLECULAIRE 1 ‘ 


des interactions. 
Nous considérerons un cristal comportant NV ions La fonction Sp de R est solution de l’équation 
magnc¢tiques répartis aux noeuds R d’un réseau de 
Bravais. Le moment orbital étant suppose bloque, . _ 

Sp = UrRSB | 


2S . ; 
KpT DJ RRSR (1) 


nous appellerons Sp la valeur moyenne du spin 

porte par le noeud R, et nous supposerons que les R’ 

spins ne sont couplés que par des interactions 

d’échange (ou de superéchange). : 
L’approximation du champ moléculaire, sous sa Po [rrr 


forme locale) consiste 4 supposer que |’action des 3 R 


autres spins sur te spin situe en JX equivant a CelLl¢€ NY fs 
F RR Sr 
— 


d’un champ magnétique fictif, dont on néglige les 


fluctuations, et qui est donné par: x 


= B est la fonction de Brillouin pour le spin S. 
Hp = — D> Jre Sr Il est fréquent que le systeme (1) admette une 
SHB “R 


solution constante Sp = S. Les spins ont alors 
ou g est les rapport gyromagnétique (ici égal a 2), une configuration ferromagnétique. Nous nous 
up le magnéton de Bohr, et Jrr’ est une intégrale intcresserons surtout ici au cas de Vantiferro- 
d’échange. magnétisme. Le systéme (1) admet alors une 
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solution stable non nulle telle que 


S_ = 0, 
ee 
R 
La théorie d’un grand nombre de corps anti- 
ferromagnétiques a pu étre faite en supposant, a la 


NEEL), 
en dessous du point de Néel, en un 


suite de que le réseau cristallin se dé- 


composait, 
certain nombre de sous-réseaux, tous les ions d’un 
meme sous-reseau portant le méme spin. Nous 
montrerons ici que l’on peut, connaissant la 
valeur des intégrales d’échange, trouver la struc- 
ture magnétique sans faire une telle hypothese a 


priori. La méthode présente les avantages suivants: 
(1) elle évite des tatonnements dans la recherche 
de la décomposition en sous-réseaux ; 
(2) elle permet de donner une liste des structures 
magnétiques compatibles avec un réseau cristallin 
donné et des valeurs raisonnables des interactions 


» est la seule méthode utilisable dans le 
cas oll aucune décomposition en sous-réseaux n’est 
pas possible. Nous verrons que ce phénomene peut 
se produire quand les interactions ont une grande 
portee. 


Quand 


Sri <5 
l’équation (1) prend la forme linéaire suivante : 
2S(S+1)— 

3KpT 


, . 
/ RR S R’ 
—_- 


R 


a laquelle une transformation de Fourier donne la 
forme simple 

2S(S+1) 

T(k) C(k)T(R) 


3Kpl 


S Sp exp(tk - R) 
—— 
R 
7 | rr exp(ik - (R’—R). 
Pa p(k « ( ) 
R’ 
Le systeme (2), et par suite le systeme (3), 
n’aura que la solution zéro pour des temperatures 
T supérieures 4 une température critique 7;. T¢ 
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est donc la température la plus élevée pour laquelle 
les systemes (2) et (3) ont une solution non nulle. 
Par suite, ona: 


2S(S+1) 
KpT, C(Ro) (4) 
ou ((Ro) est le maximum de {(k). Les points Ro for- 
ment dans l’espace réciproque un ensemble in- 
variant par les translations du réseau réciproque, 
par symétrie par rapport a l’origine, et par les 
opérations de symétrie qui conservent le réseau 
réciproque. 

Pour simplifier nous supposerons par la suite 
qu’il n’existe dans chaque maille du réseau ré- 
ciproque que deux vecteurs Rg dont les extrémités 
sont symeétriques par rapport au centre de la maille. 

Pour T 


de la forme : 


T- le systeme (2) admet des solutions 


Sr* = A, cos(Rko - R—¢,) 


: a 
ou 
%, Vs &. 


2. LA STRUCTURE MAGNETIQUE AU-DESSOUS 
DE LA TEMPERATURE CRITIQUE 

(a) Nous montrerons d’abord que, si les forces 
magnc¢tocristallines sont négligeables, le systeme 
(1) admet des solutions de la forme (5) a toute 
température. Pour cela il faut d’abord s’assurer 
que si Sp est donné par (5) le champ moléculaire 
Hren R est parallele a Sp. Il en est bien ainsi car : 


Hr m 


2A. <4 
vied = ] Rr cos(Ro  R’—¢,) 


SHB R 


2X, ‘ 
cos(Ro: R—¢d,) S / rr COs Ro(R’—R) 


OLR 
5-B R 


C(Ro) Sp i" 
SUB 

L’expression (5) sera donc solution de (1), a 
condition que tous les spins aient le méme module 
Sr s, oul 

__[ SC(Ro) 
SB\|— 5 
_Kpl 

(b) Stabilité de la solution trouvée 

La valeur de ko n’intervient pas dans la démon- 
stration précédente. Montrons que si Ro est défini 
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par la condition que {¢(Ro) est le maximum de 

C(R), la structure trouvée est stable, c’est a dire que 

la variation d’énergie libre pour de petites varia- 

tions 5Sp des spins est positive, sauf pour une 

rotation d’ensemble du systéme de spins. 
L’énergie libre est 


T 
F KpT a 


> TreSr*S'p*+C. 


RR‘« 


(x) dx— 


En effet la condition d’équilibre 
OF 
a 
ASR 
donne bien |’équation (1). B-! est la fonction in- 
verse de la fonction de Brillouin. 
En dérivant (6) deux fois on trouve : 


eer 


ae oo oe 
: % aBJ RR m 
OSR*0S Rh 


fORR’ 


: KpT 
+°rr —— 

a 

arn 


ou on a posé 


D’ot 


ar - 
—_— ae OS R%O: R 3 
OSp*0SR 2 


On a utilisé l’équation (5). 
Le deuxiéme terme du second membre est 


U 
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positif sauf si Sp. SSR - 
condition que T < T,. 
Le premier terme est positif sauf si : 


= €% cos(Ro - R—¢d,) 


0 quelque soit R, a 


5S p* 
5F est donc positif ou nul et ne s’annule que pour 


des rotations d’ensemble de systéme de spins. La 
structure (5) est donc stable quélque soit T < T,. 


(c) Divers cas possibles 

Remarquons d’abord que, d’aprés l’équation (5), 
tous les spins sont perpendiculaires a la direction 
définie par les paramétres directeurs : 


sin(dy—¢z) 


Ag 


sin(d.—$z ) 


? a 


sin(« bxr—dy) 


A Z 


i z 
On peut donc écrire, en choisissant convenable- 

ment les axes : 

Spr*™ = Az cos(koR—¢), 


Sr 


i RY: 


Ay sin RoR, 


2 J re Sr” 
R’ 


S R ad 


Sr* Sré 


=|> JT RR SR: 
R’ 


> [£(ho)5ew— Jaw )Sn* 5Se+ 


Ecrivons que 


Ls 
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Az? cos*(koR—¢d)+A,y? sin’ko - R 
A,? cos*(ko - R+¢)+A,? sin2ko- R 
Ax” cos*¢. 
On en déduit 
cos(Rkg - R—¢d) + cos(Ro - R+¢) 
sin 2ky: R sin2¢ = 0. 
On est alors amené a distinguer trois cas: 


(i) si ko: R peut prendre des valeurs quel- 
conques, on a sin 2¢ = 0 d’ot Az? = A,?. 
On a alors 


Spr § COS Ro a R, 


Sr? = 0. 


ssinky: R, 
(5a) 


Cette structure est antiferromagnétique. Mais 


SRY 


on ne peut en général trouver aucune décomposi- 
tion en sous-réseaux. 

Il convient de noter que les équations (5a) 
deviennent fausses si l’énergie magnéto-cristalline 
est appréciable. 

(ii) Si ko - R ne peut prendre que des valeurs 
multiples de 7, tous les spins sont paralleles a une 
méme direction. On a 

Sr s cosky: R, 
(5b) 

Ce cas correspond a une structure soit ferro- 
magnétique (alors kp = 0) soit antiferromagneé- 
tique. 

(iii) Si ko - R ne peut prendre que des valeurs 
multiples de 7/2, la solution (5) a la forme parti- 
culiére suivante : 

Sp? A cos(Rp - R—¢), 
Sr’ = Ax/(cos2¢) sin ko - R, Sp? = 0. 


Ou encore en faisant un changement d’axes 


}; 
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Sr* = Az cos ( koR— 
Spr’ 


Ay sin (ko: R— 


Les spins prennent alternativement les valeurs 


S,—S,S’ et —S’. On a |S| =|S’| mais la con- 
naissance des interactions d’échange ne suffit pas 
a déterminer les directions S et S’. 

Compte tenu de l’énergie magnétocristalline 
deux cas sont possibles : 

- ou bien § et S’ sont dirigés suivant deux direc- 

tions de facile aimantation, 

ou bien S et S’ sont dirigés suivant une méme 

direction de facile aimantation. 

La présente théorie ne permet pas de choisir 
entre ces deux structures. Il se pourrait qu’on 
passe de la premiére a la seconde par |’action d’un 
champ magnétique relativement faible. 


3. QUELQUES EXEMPLES 
(a) Chaine linéaire avec interaction entre premiers et 
seconds voisins 

Nous donnons cet exemple parce qu’il est le plus 
simple qui puisse présenter une structure du type 
(i). 
En appelant J et J’ les intégrales d’echange on 
peut écrire : 

{(k) = 2(J coska+]’ cos 2ka) 

ou a est la distance interatomique. 

Les extréma de ¢ sont donnés par 


sin ka( ]+4/' coska) = 0. 


poe 
7 ¢(k) = 0 soit 


¢ 


Les solutions sont : 


(1) sinka = 0, d’ot ((k) = 2(/'+/) 


(2) coska —, d’o' ¢(R) 
4]’ 

Si J’ < —|J/4|, cest la seconde solution qui 
donne le maximum de ¢(A). La structure magné- 
tique a bien la forme que nous avons désignée par 
(i) dans notre classification de la Section 2(c). 


(b) Réseau cubique a faces centrées avec interactions 
entre premiers et seconds voisins 

Ce probléme a déja été traité par ANDERSON) 
par une méthode différente; nous donnerons seule- 
ment les résultats. Ceux-ci sont résumés par le 
graphique de la Fig. 1. Suivant les valeurs des 
intégrales d’échange J et J’ on trouve les quatre 
possibilités suivantes (on s'est conformé a la 
numeérotation d’ ANDERSON) 
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4 


J 








Fic. 1. Structures magnétiques possibles pour un corps 
cubique 4 faces centrées; interactions J et J’ entre 
premiers et seconds voisins. 


(1) Si (J'<J/2 
\'<-J, 


ko = 7/a(111), a étant le parametre de la maille. 
On a une structure du type MnO. 


2a 
+ 


ko = - 


(2)SiJ <0</J’, 001). 


a 


Les spins situés dans les plans z = n (n entier) 
sont dirigés dans la méme direction, mais en sens 
contraire, que les spins situés dans les plans 


n+1/2. 


(3) SiJ/2<J’- him 00, 


a 
La maille magnétique est quadratique, de 
cétés 2a, 2a, a; elle est représentée sur la Fig. 2. 
Les sites désignés respectivement par les signes 
), O, @ et @ portent respectivement les spins 
S, —S, S’ et —S’. On a S = S’, mais la présente 
théorie ne permet pas de prévoir l’orientation re- 


lative de S et S’. 
(4) Si (J >0 
\lJ>-—J', ko =0. 


La substance est alors ferromagnétique. 











Fic. 2. Surstructure quadratique correspondant A la 
zone (3) de la Fig. 1. 
Les sites © portent le spin S 
Les sites () portent le spin —S 
Les sites © portent le spin S’ 


Les sites G@) portent le spin —S’ 


Notre méthode nous a donc permis de retrouver 
les résultats d’ANDERSON, et de montrer qu’il n’y 
avait pas d’autres arrangements possibles que ceux 
qu’il avait prévus. Nous avons en outre précisé la 
structure (ili). 


(c) Réseau quadratique centré avec interactions entre 
premiers, seconds et trotsiémes voisins 

C’est 1a un cas tres fréquent (MnF2, MnOz, 
MnAuz etc.) qui nous intéresse en outre par le fait 
qu’il peut présenter les trois types (i), (ii), (iii) de 
structures rencontrés au Section 2(c); suivant les 
valeurs des intégrales d’échange. 

En appelant J, J’, J’’ les intégrales d’échange, a 
et c, les cotés de la maille, 27h/a, 27k/a, 2ml/c les 
composantes du vecteur k, on trouve : 


C(k) 


8 ] cosh coszk cos 7l+ 
+2]'(cos27h+ cos 27k)+2]” cos 2zl, 
Les extrema de cette expression sont donnés par 
le systéme: 
sin wh( J cos7k cosal+ J’ cos7h) = 0 
sin rk( J cosal cos7h+ J’ coszh) = 0 
sin 7/(] cos7h cos7k+ _]’ cosah) = 0 


Les solutions sont données par le Tableau 1. 
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Tableau 1 


hkl 


Conditions 
d’existence 








000 et 100 


h0O cos zh 


103 








Fic. 3. Structures magnétiques possibles pour un corps 

quadratique centré, dans le plan J’, J”. L’interaction J 

entre les sommets et les centres des mailles est considérée 
comme un paramétre constant. 


On peut résumer la discussion par un graphique 
dans le plan J'J’’ (Fig. 3). Seules les solutions 
1, 2, 3, 4 peuvent correspondre 4 un maximum 
absolue de ¢(k) et le domaine de validité de ces 
solutions est limité par les droites : 


J"=0 J=-lJ; J" 
2]'+J"+2|J| = 0 


et par l’hyperbole : J'J’’ = /?. 

Dans la classification du Section 2(c), les struc- 
tures 1 et 2 se rattachent au type (11), la structure 3 
au type (iii) et la structure 4 au type (i), 

La structure 1 est ferromagnétique (J > 0) ou 
antiferromagnetique (J < 0) du type MnF». 

La structure 2, antiferromagnétique, correspond 
a une maille magnétique quadruple de la maille 
nucléaire (Fig. 4). 

La structure 3 est aussi antiferromagnétique, 
mais la maille magnétique est huit fois plus grande 
que la maille nucléaire (Fig. 5). Il semble que le 
bioxyde de manganese MnOgprésente effectivement 


—|J\, 
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cette structure, les spins étant paralléles a deux 
directions perpendiculaires. Les conditions im- 
posées a J, J’ et J” par la Fig. 3 semblent com- 
patibles avec les positions des ions dans la maille 


de MnOog. 








Se Be ey ee 








Fic. 4. Structure correspondant a la zone (2) de la 
Fic. 3. Mémes notations que pour la Fig. 2. 


Enfin la structure 4 correspond a une réparti- 
tion hélicoidale des moments magnétiques. Elle 
pourrait se présenter dans des corps ow les ions 
magnétiques de la base de la maille seraient liés par 





‘ \ 
@ }-+------+--- 


ath 


ake aan efe 





er 








Fic. 5. Structure correspondant a la zone (3) de la Fig. 3. 
Mémes notations que pour la Fig. 2. 
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échange direct, donc ferromagnétique, les spins 
situés sur l’axe c étant au contraire fortement 
couplés antiferromagnétiquement. 


4. CONCLUSIONS 

L’étude précédente montre que dans certaines 
substances magnétiques les moments peuvent 
présenter une répartition “hélicoidale” définie par 
la formule (15a), avec une période qui peut 
n’étre pas commensurable avec celle du réseau 
cristallin. Bien que cette derniére particularité ne 
semble pas avoir été indiquée antérieurement,* on 
sait qu’il existe des corps ot les aimantations des 
divers sous-réseaux ne sont pas paralleles. Cette 
propriété peut se rencontrer dans le réseau de 
Bravais hexagonal) et aussi dans des réseaux a 
plusieurs atomes par maille, le mécanisme étant 
alors un peu différent de celui qui a été étudié ici. 


Note ajoutée en épreuve: Une étude trés semblable a 
la nétre,‘® mais limitée au cas du réseau quadratique 
centré avec trois intégrales d’échange, a été publiée au 
moment ou cet article était envoyé pour publication. Il 
y est fait état notamment de récents travaux de ERICKSON 
attribuant 4 MnOzg, une structure du type (i). 


Remerciments—J’ai bénéficié pour ce travail de l’aide et 
des conseils de M. A. HERPIN et de M. P. G. DE GENNES; 
je les en remercie vivement. 
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l’alliage MnAug (A. HerRPIN et P. MERIEL, communica- 
tion privée). 
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Abstract 


The phase diagram of binary compounds is generally characterized by the existence 


m in the liquidus curve for a composition near the stoichiometric composition and by 


sitions corresponding to the melting of eutectic phases or to peritectic reactions. 


mount of heat involved in these transitions is a linear function of the difference between the 


mposition and the composition having a congruent melting point. By differential thermal 


is it is possible to determine the composition for which these thermal effects disappear and 


to measure the difference between the congruent and stoichiometric compositions. 


1. INTRODUCTION 
IDE des semiconducteurs a mis en évidence le 
a plupart des composés minéraux présen- 
nt des écarts a la stoechiométrie. Ces écarts se 


nt par l’existence d’une concentration de 
harges ne correspondant pas a celle 
peut calculer a partir de la connaissance 
la bande interdite. Lorsque la 
substance fond sans se décomposer, cet ecart 
1 dans le diagramme de phase a un 

nent du maximum de la courbe de liquidus. 
naissance exacte de la composition cor- 


au maximum du point ade fusion est 


l’interprétation des propriétés 
monocristaux obtenus par fusion 
Ces 


la méthode de Czochralski. 


substances 


i aes 


n est identique ou trés voisine 


lant au maximum du point de 


proprictés électriques 


['TERTHWAITE et UrE™) ont montré que le solide 


équilibre avec un liquide de composition 
stoechiométrique Bi 


aleg n’avait pas le caractcre 
l’état 


conditions 


intrinséque et que l’on s’approchait de 


intrinseque en solidifiant, dans des 
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d’équilibre thermodynamique, une tres petite 


fraction d’un liquide de composition excédentaire 
en tellure (63 pour cent atomique). Les mesures 
électriques ne permettent cependant pas de 
distinguer l’origine des porteurs de charge, parce 
qu’elles confondent leurs variations de concentra- 
tion dues a des défauts de réseau avec celles dues a 
des variations de composition chimique.) I] est 
d’une méthode 


nécessaire de disposer 


épendante. 


i 


2. PRINCIPE DE LA METHODE 


Le principe de la méthode est illustré a l’aide 
a | 


de la Fig. 1, qui représente une partie d’un dia- 
gramme d’état idéal s’étendant de part et d’autre 
de la substance a fusion congruente C jusqu’aux 
températures de transition 71 et 711 (isothermes 
d’équilibre a trois phases a pression constante). 

\u cours de l’analyse thermique différentielle 
de mélanges de compositions voisines mais diffé- 
rentes de C, il apparaitra un signal a 71 ou 71 
suivant que le mélange contienne un exces de A 
ou de B par rapport a C. 

Pour une vitesse de chauffe (ou de refroidisse- 
ment) constante et une masse totale de substance 
donnée, la grandeur du signal de transition est 
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directement proportionnelle a l’exces du constitu- 
ant A ou B. D’autre part, pour la composition con- 
gruente C aucun signal ne doit, en principe, 
s’observer. 














Cc 
Fic. 1. 


En pratique, deux types de difficultés peuvent 
se présenter dans l’application de cette méthode: 

(1) Il existe une zone de solubilité solide autour 
du composé congruent C. II faut alors opérer sur 
un échantillon trempé rapidement a partir du 
point de fusion, afin de réduire au minimum la 
formation d’une solution solide. 

(2) La transition a observer s’effectue incom- 
plétement (Ex. transition péritectique). Dans ce 
cas, pour obtenir le signal le plus grand lors du 
chauffage, il est nécessaire d’effectuer préalable- 
ment un recuit prolongé a une température 
légérement inférieure a la température de transi- 
tion, ce recuit étant suivi d’une trempe brusque 
afin de conserver le systeme dans un état correspon- 
dant thermodynamique a cette 
temperature. 

S’il existe des zones de solubilité solide, le 


a l’équilibre 


systeme évoluera au cours de la mesure. I] est donc 
important de choisir judicieusement la vitesse de 
afin de 


chauffe et de la maintenir constante 


réaliser des expériences comparables. 


3. TECHNIQUE EXPERIMENTALE 

Chaque composé binaire examiné est préparé 
par pesée directe des constituants dans une 
ampoule en quartz. Apres remplissage, l’ampoule 
est scellée sous vide et ensuite chauffée afin 
d’amener le mélange 4 |’état liquide. Le bismuth 
de départ a été préalablement traité par la méthode 
de la zone fondue jusqu’a atteindre un degré de 


pureté de 99-999 pour cent. L’antimoine utilisé 
provient de |’ Associated ‘‘Lead Manufacturers” 
et possede également un degré de pureté de 
99-999 pour cent. Le tellure et le sélénium ont été 
purifiés par triple distillation sous vide. 

Dans l’appareil d’analyse thermique différen- 
tielle, l’ampoule contenant la substance 4 examiner 
repose directement sur le thermocouple de mesure. 





| - oe ft 
 Programmmateur 
° ° 





___| Enregistreur 
a xy 


Echantillon de référence 
Echantillon & mesurer 
Cylindre en bronze d’aluminium 
Four de chauffage 


Fic. 2. Schéma du dispositif de mesure. 


Sa température est comparée a celle d’une ampoule 
semblable contenant une quantité d’alumine ayant 
a peu pres la méme masse thermique que l’échantil- 
lon a mesurer. Les deux ampoules sont placées 
dans un bloc de bronze d’aluminium qui assure 
une bonne homogénéité thermique et amortit les 
oscillations de température dues au fonctionne- 
ment du régulateur. 

Le bloc de bronze est chauffé dans un four dont 
la température varie linéairement en fonction du 
temps, grace a un dispositif électronique a pro- 
gramme et réglage proportionnel. 

Les phénoménes sont suivis au moyen d’un 
enregistreur XY. Le déplacement suivant |’axe 
des X est proportionnel a la temperature de 
l’échantillon. La différence de température entre 
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’échantillon et le témoin est amplifiée par un 
amplificateur a vibreur et enregistrée suivant 
des rs 
28 mm par degré. 

La Fig. 2 donne le schéma du dispositif. 


l’axe On obtient une déviation d’environ 


4. RESULTATS 

(a) Systéme Bi-Te 

Le diagramme d’état indique |’existence d’une 
réaction péritectique a 540°C pour des composi- 
tions contenant un excés de bismuth (57 pour cent 
de Bi en poids).@) D’autre part, dans le domaine 
de concentrations riches en tellure, il apparait 
une transition eutectique a 413°C.“ Aprikosow 
et al,@ ont montre contrairement aux 
données de HANsEN,™) il n’y a pas de large région 
de solubilité solide autour du composé a point de 


que, 


fusion maximum. 


40:0 4 40-8 50-0 


02 40-4 40 5 

. Systeme Bi-Te. Amplitude des signaux de transi- 

fonction de la composition. Echantillons trempés. 
x Transition eutectique a 413°C 

O Transition péritectique 4 540°C 


Les Figs. 3 et 4 représentent les amplitudes des 
signaux en fonction de la composition, respective- 
ment pour les échantillons trempés et recuits. 
On constate que le recuit prolongé n’a pas fait 
disparaitre les signaux de transition péritectique 
observés sur les échantillons trempés, mais qu’au 
contraire dans l’ensemble la quantité de la phase 
péritectique a augmentée. La pente de la droite 
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exprimant l’amplitude du signal pe’ritectique en 
fonction de la concentration est plus grande pour 
les échantillons recuits. 

Pour la composition Bi 40,08 Te 
serve encore apres recuit un signal 
péritectique qui n’apparait plus pour Bi 40,07 


59,92 on ob- 
de transition 


5°-—— 


/ 
/ 
f 


} 
| 
| 


39-4 39-6 402 40-4 


Fic. 4. Systeme Bi-Te. Amplitude des signaux de transi- 
tion en fonction de la composition. Echantillons recuits. 


x Transition eutectique 4 413°C 
O Transition péritectique a 540°C 


Te 59,93. Ce résultat indique que la composition 
a point de fusion congruent correspond a des 
teneurs en bismuth inférieures a 40,08 pour cent. 
Remarquons que pour Bi 40,08 Te 59,92 trempé 
on observe un faible signal eutectique. La raison 
de cet effet n’est pas claire, mais on peut probable- 
ment l’attribuer a défaut d’homogéneité 
résultant de la trempe. Ce défaut d’homogénéité 


un 


introduit une imprécision dans la détermination 
de la composition congruente qui peut étre 
estimée a partir des Figs. 3 et 4 comme étant 
Bi 40,065+0,015 Te 59,935+0,015. 

La limite du domaine de solubilité solide du 
tellure dans le tellurure de bismuth a 500—525°C 
correspond a la composition la plus riche en 
tellure pour laquelle le signal de transition eutec- 
tique s’annule. L’extrapolation de la droite repré- 
sentant l’amplitude du signal eutectique en fonc- 
tion du titre des échantillons recuits fournit la 
valeur Bi 39,95+0,05 Te 60,05+0,05 (Fig. 4). 


(b) Systéme Sb-Te 
Le diagramme d’état) présente un eutectique 
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SbeTes—Te a 400°C et un eutectique SbeTe3—Sb a 
545°C. La Fig. 5 montre que les droites représen- 
tant l’amplitude des signaux de transition eutec- 
tique en fonction de la concentration s’extrapolent 
ala composition a fusion congruente Sb 40,4-+0,05 
Te 59,6+0,05. 





4° 











39-8 400 40:2 404 406 408 410 
Fic. 5. Systeme Sb—Te. Amplitude des signaux de transi- 
tion en fonction de la composition. Echantillons trempés. 
x Transition eutectique a 400°C. 
O Transition eutectique a 545°C 


Ce résultat est confirmé par le fait que le palier 
de fusion devient de plus en plus net au fur et a 
mesure que l’on se rapproche de la composition 
congruente pour finalement étre isotherme pour 


Sb 40,4 Te 59,6. 


(c) Systéme Bi-Se 


L’examen du diagramme de phase) montre : 


(a) Pour des compositions excédentaires en 
bismuth la formation a 605°C de la phase péritec- 
tique BiSe. 

(b) Dans le domaine de concentrations riches 
en sélénium la présence d’un isotherme de transi- 
tion monotectique (situé également a 605°C), qui 
est suivi a 217° d’un palier eutectique. 

L’extrapolation des droites exprimant l’ampli- 
tude des signaux de transition en fonction de la 
concentration montre que la composition a fusion 
congruente correspond a Bi 40,02+0,01 Se 
59,98+0,01 (Fig. 6). 


5. DISCUSSION 
Pour les trois systemes étudiés, la substance a 
fusion congruente contient toujours un exces de 


élément le plus électropositif (bismuth ou anti- 
moine) par rapport a la composition stoechio- 
métrique. Les mesures électriques montrent 
cependant que le signe des porteurs de charge est 
négatif dans BigSeg et positif dans BigTe3 et 
SbeTes. 





2 
402 40-4 


ieee, eee eee 
388 400 
Fic. 6. Systeme Bi-Se. Amplitude des signaux de transi- 
tion en fonction de la composition. Echantillons trempés. 
x Transition monotectique a 605°C 
e Transition eutectique a 217°C 
O Transition péritectique a 605°C 


Pour BigTeg et SbeTes, ce résultat s’explique si 
l’on admet que les atomes de bismuth ou d’anti- 
moine en exces se placent en position réticulaire 
de tellure (mécanisme d’anti-structure). Dans ces 
conditions, on obtient 3/5 de porteurs p par atome 
de bismuth excédentaire, 2) cette fraction 3/5 étant 
due au fait que les atomes excédentaires sont fixés 
partiellement dans des sites de tellure et par- 
tiellement dans des sites ‘‘normaux’’. 

Dans le cas du séléniure de bismuth, la forte 


Tableau | 


Densité des 
porteurs porteurs 
calculée mesurée 
(n/cm3 x 1019) | (2/cm? x 1019) 


Sb ou Bi Densité des 
en exces 

Composé |(atomes/cm? 
x 1019) 





Sb2-Tes 
Bie—Tes 0,8 a 3,4 


2a4 
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différence de rayons atomiques et d’électro- 
négativités des atomes de bismuth et de sélénium 
rendent probablement la substitution d’anti- 
structure beaucoup plus difficile. Il est possible 
qu’en ce cas le bismuth excédentaire se place en 
position interstitielle et céde trois électrons par 
atome. 

Dans le Tableau 1, nous avons comparé la densité 
porteurs de charges calculée suivant ces 


des 


hypothéses avec les données de la littérature 


compilées par MoosErR et PEARSON®). 
On voit que l’accord entre les valeurs calculées 


et les valeurs mesurées est assez satisfaisant. 


VAN CAKENBERGHE 
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Abstract—The spin-wave resonance studied in this paper is a modified ferromagnetic resonance 
which is strongly influenced by the exchange interactions existing in the skin depth. Experimental 
observations of this resonance are reported, the underlying physical conditions are explained and a 
general “‘exchange boundary condition’’ is formulated and derived. A description is given of an 
experimental method for measuring both components of the complex equivalent permeability. 
Static measurements as well as resonance curves at 3000 and 4000 Mc/s are presented for mono- 
crystalline and polycrystalline samples of a nickel—iron alloy having extremely low magnetocrystalline 
anisotropy. At room temperature the complete experimental resonance curves can be interpreted 
on the basis of the theory of AMENT and Rapo by using an effective exchange stiffness constant, A, 
of (3-3+0-5) x10-® erg/cm and a spectroscopic splitting factor, g, of 2:06+0-01. The agreement 
between theory and experiment would be destroyed if a LANDAU-—LiFsHiTz or BLocH damping 
term were included. Possible processes influencing the value of A are discussed. Experimental data 
taken at liquid-nitrogen temperature show an increase in the resonance line width and a decrease 
in the resonance field. Both effects are in qualitative but not quantitative agreement with the theory. 
A part of the discrepancy can be attributed to anomalous effects caused by the electronic mean free 


path. 


1. INTRODUCTION and the interpretation of the resonance curve 


THE central problem in the ferromagnetic reson- requires the use of poorly understood relaxation 
ance of metals is the obscure physical origin of the parameters. 

observed line widths and shapes. Although some The term spin-wave resonance was used recently 
to describe a different kind of resonance.®-® In the 


of the experimental resonance lines have been 
described formally by using phenomenological theory of KirreL®) and in the experiments of 
relaxation terms in the equation of motion, the Sgavey and 'TANNENWALD®) the excitation of the 
magnitudes of the relaxation parameters required spin waves is a dimensional effect and depends 
for this purpose have not been explained satis- primarily on the specimen thickness. In our work, 
factorily. Thus it is of considerable interest that on the other hand, this excitation requires a non- 
in one particular kind of ferromagnetic resonance uniform microwave field and thus depends on the 
the role of the relaxation term is relatively unim- _ skin effect. It is the latter kind of excitation which 
portant. We refer to this particular resonance as__ will be referred to as spin-wave resonance through- 
“‘spin-wave resonance”’“-4) in order to contrast it out the present paper. 
with “ordinary ferromagnetic resonance’. The first experimental observation of spin-wave 
The essential difference between these two resonance was accomplished at room temperature 
phenomena is that in spin-wave resonance the and reported by us very briefly several years ago.) 
effects of exchange are appreciable, so that the More accurate data and an extension of the experi- 
entire resonance curve can be interpreted fairly ments to liquid-nitrogen temperature have also 
completely on the basis of an actual physical been published in abbreviated form. The present 
mechanism, namely the interplay between ex- paper includes some theoretical considerations as 
change effects and the skin effect ina ferromagnetic well as a comprehensive account of our experi- 
metal. In ordinary ferromagnetic resonance, on mental method and results. 
the other hand, exchange effects are negligible, Section 2 contains a detailed explanation of the 
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special physical conditions which led to the feasi- 
bility of the spin-wave-resonance experiment and 
to the simplifying approximations of the associ- 
ated theory.) In Section 3 we briefly recapitulate 
some results of the electromagnetic theory®) 
which was worked out concurrently with the first 
experiments. We include a numerical justification 
of the approximations, as well as some comments 
on various relaxation terms and on a recent calcu- 
lation™) of the anomalous effects of the electronic 
mean free path on spin-wave resonance. This sec- 
tion also contains a formulation and derivation of a 
general “‘exchange boundary condition” and a 
brief consideration of the NEEL surface anisotropy. 
Then we describe, in Section 4, the preparation 
of the polycrystalline and monocrystalline samples 
used in our measurements. These samples consist 
of a certain nickel-iron alloy which was heat treated 
to have a magnetocrystalline anisotropy of nearly 


zero at 77° K as well as at 300° K. The experi- 


mental method which we used for measuring the 
resonance curves is discussed in Section 5 and 
extended in the Appendix. This method involves a 
sufficiently accurate determination of both com- 
ponents of the complex equivalent permeability 


to permit a clear distinction between relaxation 
and exchange effects. 

Except for certain static measurements, all the 
experimental data were taken at 3000 and 4000 
Mc's. In Section 6 we present and discuss the 
experimental results obtained at these two fre- 
quencies at both room temperature and liquid- 


nitrogen temperature. 


2. PHYSICAL CONSIDERATIONS 
The motion of the magnetization vector, M, in 
a ferromagnetic material may often be described 
by the Lanpavu—LirsHitz dynamical equation: 


(1/y)@M/ot = Mx H+(2A/M;?)Mx 
x V2M—(A/yM;?)Mx(Mx BH), (1) 


where y=ge2mc is the magnetomechanical 
ratio and M; M| is the saturation magnetiza- 
tion. The magnetic field, H, includes the applied 
field as well as the demagnetizing field. The term 
containing the exchange stiffness constant, A, 
measures the exchange torque density due to any 
nonuniformity in the orientation of M. In its pre- 
sent form, this term is valid only if the crystal 
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structure of the material is cubic. The term con- 
containing the relaxation frequency, A, provides a 
slightly simplified) phenomenological descrip- 
tion of damping due to relaxation effects. A more 
general version of equation (1) would contain 
torque density terms due to magnetocrystalline 
anisotropy and stress. Such terms may be neglected 
under the experimental conditions encountered in 
the present work. In the ordinary ferromagnetic 
resonance of metals, the exchange term is always 
neglected as long as linear conditions prevail. In 
spin-wave resonance, on the other hand, the ex- 
change term is necessarily retained, and in the 
particular case of the present experiments the 
relaxation term is negligible. Thus it is the dissipa- 
tion of “special” eddy currents caused by the 
exchange effect which gives rise to the energy 
dissipation in this case. 

In the interpretation of ordinary ferromagnetic 
resonance?) there are two difficulties which do not 
occur in spin-wave resonance. Firstly, the spectro- 
scopic splitting factor g ought to obey the K1TTEL— 
VAN VLECK relation ®) ; 


(2) 


where g’ is the magnetomechanical factor. Apart 
from some exceptions, ) however, the experiments 
show that g—2 exceeds 2—g’. Secondly, the more 
serious difficulty exists that the physical basis of 
the measured relaxation frequencies is not under- 
stood. While the experimental values of A in metals 
are usually of the order of 108 or 10% sec~!, the 
theoretical values are considerably smaller. When 
the present experiments were begun the discre- 
pancy between theory and experiment amounted 
to several orders of magnitude. More recently, 
theoretical estimates by MiTcHELL®® have re- 
duced it to around one order of magnitude. The 
discrepancy remains essentially unchanged if the 
A-term of equation (1) is replaced by the BLocn 
relaxation term. 

Even before our first Mac- 
Donacp(!-12) and KirreL and HERRING“*) inde- 
pendently suggested that exchange effects arising 
from the YV2M-term of equation (1) might play a 
role in ferromagnetic resonance. These authors 
concluded theoretically that at microwave fre- 
quencies the exchange effects are not likely to be 
of importance in pure metals at room temperature, 
or in alloys at any temperature. This conclusion 


experiments, 
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was shown to be invalid by electromagnetic calcu- 
lations.) We now describe the physical considera- 
tions underlying our observation of exchange 
effects in an alloy at room temperature. 

In order to observe exchange effects, we must 
make the YW2M-term of equation (1) as large as 
possible. Thus M must be made to vary rapidly 
with position, a condition which requires that the 
skin depth be made small. For this purpose we 
achieved a situation in which the microwave perme- 
ability is unusually large. ‘This was done by reduc- 
ing the “stiffness” of the oscillating spin system 
through the use of a small “‘effective field”. Thus 
we selected a material having a very small (essenti- 
ally zero) anisotropy and employed unusually 
small static fields (around 50-100 Oe). In all pre- 
vious resonance experiments the anisotropy was 
appreciable and the static field was around a few 
thousand oersteds. The smallness of the anisotropy 
in our experiments has the additional advantage of 
permitting us to use polycrystals as well as single 
crystals without causing complications due to lack 
of saturation. 

It should be noted that a large value of the 
V2M-term is a necessary but not a sufficient condi- 
tion for observing exchange effects. The reason is 
the existence of the second independent condition 
that the competing term due to the effective field 
be relatively small. In other words, the resulting 
requirement is that the exchange stiffness energy 
be as large as possible in comparison to the effective 
Zeeman energy. It is seen that our choice of a small 
effective field does satisfy this resulting require- 
ment. 

It should be pointed out that the skin depth 
could be made very small even if the permeability 
were not very large. One way of doing this would 
be to use a relatively high frequency. However, 
the static field at resonance would then be large, 
so that there would be a contradiction (except in 
the case of an oriented monocrystal discussed in 
the next paragraph) with our independent condi- 
tion that the effective field be small. This may be 
one of the reasons why appreciable exchange effects 
were not observed in any of the experiments per- 
formed at relatively high microwave frequencies 
(say 24,000 Mc/s) on metals in which A has the 
usual large values. Another way of achieving a 
small skin depth consists in using a low tempera- 
ture and hence a high conductivity. However, a 
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decrease in temperature introduces two difficulties. 
In most metals it causes the anisotropy to be large 
and the anomalous effects due to the electronic 
mean free path to be appreciable. 

It should be mentioned that spin-wave reson- 
ance in metals of relatively high anisotropy (e.g. 
nickel at room temperature) could perhaps be 
observed. Such an experiment, which we have not 
yet performed, would require the use of a large 
single crystal which is accurately oriented. An 
appropriately applied static magnetic field would 
effectively “flatten” the anisotropy energy surface 
and thus produce an effective field whose magni- 
tude is sufficiently small to give rise to a large 
permeability. 

A related experiment was recently carried out 
successfully by RopBELL“*) who measured reson- 
ances in an oriented iron whisker. In this material 
the value of A seems to be unusually small. On the 
basis of the AMENT—Rapo®) formulas, RODBELL 
ascribed a large part of the observed line width to 


exchange effects. 


3. THEORETICAL REMARKS 

(a) Equivalent permeability 

The equivalent permeability," jequ, 
defined as that complex permeability which is 
deduced from the (measured or calculated) surface 
impedance by using the classical skin-effect theory. 
Under certain assumptions, which are valid in our 
experiments, the combined solution of equation 
(1) and MaxweELv’s equations yields the AMENT- 
Rapo®) result: 


was 


n—Q24iQL + 2€(1 +i) 


[n—Q2+i2L+(1+i)P 


Hequ = -1—tp2 = 


where the dimensionless parameters are defined 


by: 
(4a) 


(4b) 

(4c) 

(4d) 
Here w is the circular frequency and Hz is the 
static field (including the demagnetizing field) 
parallel to the sample surface. The quantity 


5 = (c2/27w<)* 
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is the classical skin depth for permeability unity 
and o is the conductivity. Gaussian units are used 
throughout. 

The derivation of equation (3) involves, among 
other things, the approximation that each of the 
quantities 7, Q2, «, L? and QL be negligible com- 
pared to unity. To verify that this approximation 
is fulfilled, consider the following data (see Sec- 
tions 4 and 6) pertaining to room temperature 
(29°C): w/27 = 3x10® sec-1, 4nM, = 1:345x 
x 104 emu, 1/6 = 18-25x10-§ Q cm = 2-03x 
x 10-1" 2:88 x 10-6 erg/cm, g = 2-07 
and A 3-93 x 10-4 
5-91x 10-3, « 1-61x 10-3, L=QL 
(with the representative value H, 

4-46x 10-8, so that the approxi- 
mation in question is well fulfilled. It should be 


sec, A 
0. These values lead to 6 
cm, {2° 

0 and 

60 Oe) 7 
noted that A is, of course, not really zero. However, 
if we use for A the upper limit, A = 5-01x 108 
sec obtained by (incorrectly) interpreting our 
experimental results on the basis of a relaxation 
(rather than exchange) theory, we find that the 
approximation is still adequately satisfied. Similar 
conclusions apply to the data taken at liquid- 
nitrogen temperature and/or 4000 Mc/s. 

Equation (3), with L = 0, was verified by Mac- 
DonaLp"®) after applying the approximations of 
reference (3) to his earlier work.“2) This agree- 
ment supersedes his prediction !-!*) that there is 
no appreciable resonance shift due to exchange 
effects in metals at room temperature. 

Next make two remarks concerning the 
damping term in equation (1). In the first place, 
a replacement of 
y the BLocH 
equation (1) is equivalent, in the 


we 


it was stated in reference (3) tha 
the Lanpau-LirsHitz damping by 
damping in 
approximation used, to replacing L by zero in the 


final result, equation (3). This statement is only 


valid, however, if the numerical value of the 
fictitious relaxation frequency 
Ay = M;/(HzT2) (6) 


is of the same order of magnitude as that of the 
actual relaxation frequency, A. Since the experi- 
mental values“® of the BLOcH relaxation frequency, 
1/ To, are of the order of 10% sec~!, and since in our 
experiment Ms; ~ 103 emu and H; = 10? Oe, it 
follows that Az is about 10! sec~!, which is at least 
an order of magnitude larger than the usual values 
(108-10 sec-1) of A. Additional calculation shows 
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that a replacement of the LANDAU-—LiFsHITZ damp- 
ing by the BLocu damping in equation (1) is equiv- 
alent, in a more accurate approximation, to 
replacing L by 2nA;/(Msy) in the final result, 
equation (3). It is seen from equations (4) and (6) 
that this is equivalent to replacing A by 1/(27T7¢), 
which is a plausible result. Thus the use of the 
BLocH damping does not lead to any essential 
modification of equation (3). 

The second remark concerning the damping 
term in equation (1) deals with the possibility that 
A may be field-dependent. This possibility is of 
some interest because we found (see Section 6) 
that the agreement between equation (3) and the 
experimental line shapes is worse if A is assumed 
to be finite and field-independent than if it 1s as- 
sumed to be zero. Thus the question arises whether 
a field-dependent A would improve the agreement 
between equation (3) and experiment. In an at- 
tempt to answer this question, line-shape com- 
putations were made on the basis of equation (3) 
and each of the following two assumptions: 
(a) the function A(H7;) is linear and (6) the func- 
tion A(H;) increases monotonically with H, at 
small values of Hz and becomes independent of 
H at large values of H,. Although these two as- 
sumptions were suggested by the experimental 
line shapes, it was found that neither (a) nor (6) 
is as successful as the assumption A = 0 in produc- 
ing agreement between equation (3) and experi- 
ment. 

Finally, we mention a possible modification of 
equation (3) at low temperatures. It was pointed 
out by Rapo® that in a ferromagnetic metal 
Ohm’s law may not be valid at very low and even 
at moderately low temperatures. The reason is that 
the equivalent permeability may be so large that 
the electronic mean free path may not be negligible 
in comparison to an appropriately defined effective 
skin depth. Under certain assumptions the calcula- 
tion leads to the result“) 

not Hequ[1+(31/88)(2tpequ)*], (7) 
where the square root is to be taken such that its 
real part is positive. Here pequ is the equivalent 
permeability calculated from equation (3) (which 
presumes the validity of Ohm’s law), and pe{j 1s 
the value of equ obtained as a result of a first- 
order correction arising from the anomalous effect 
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of the electronic mean free path, /. In the deriva- 
tion of equation (7) it is assumed that the approxi- 
mation 


I. << 8/|2pequ|? (8) 


is fulfilled. It is further assumed, among other 
things, that the scattering of the conduction elec- 
trons at the metal surface is diffuse. If the scatter- 
ing is specular, then the first-order correction 
vanishes so that peu, = Mequ is obtained. Since 
equation (7) was derived without considering 
effects caused by Hz, it is worth noting that in our 
samples the fractional change of resistivity arising 
from an H; contained within the resonance region 
is fairly small. When measured with a current 
parallel to the z-direction, the numerical value of 
this change is about 1-6 per cent at room tempera- 
ture and 5-3 per cent at liquid-nitrogen tempera- 
ture. As to a comparison of equation (7) with our 
experiments, it was shown) that there is qualita- 
tive but not quantitative agreement. The residual 
discrepancy may be caused by the inadequacy of 
the quasi-free electron model of conduction. This 
model forms the basis of the REUTER-SONDHEI- 
MER !”) relation which was used in the derivation 
of equation (7). 

The necessity for considering anomalous effects 
of the electronic mean free path in ferromagnetic 
metals was suggested independently by Gure- 
vicH"8) in work submitted at about the same time 
as reference (4). The essential difference between 
the two calculations is that they envisage different 
physical situations. In the work of Rapo™) the 
static field is assumed to be parallel to the metal 
surface and the anomalous effects of / are treated, 
within the approximations of reference (3), to first 
order in the quantity |2equ|!/2//5; this situation 
corresponds to the experiments reported in the 
present paper. In the work of GurevicH"®), on the 
other hand, the static field is assumed to be per- 
pendicular to the metal surface and the anomalous 
effects of J are treated in certain limiting cases only; 
this situation does not correspond to experiments 


performed so far. 


(b) General exchange boundary condition 

An electromagnetic field in a ferromagnetic 
material must satisfy not only the usual boundary 
conditions of the Maxwell theory, but also the 
“exchange boundary condition” which arises from 
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the Y7?M-term of equation (1). Special forms of the 
latter condition are given in the literature and will 
be mentioned later on. A general form of the 
exchange boundary condition, on the other hand, 
is formulated and derived below. It was developed 
in a simple form* for another problem. (9) 

The LANDAU-LIFsHITZ equation may be written 
in the form 


(1/y)@M/ot = Tyoi+(24/M3?)MxV2M, (9) 


where Tyo; is the sum of all the volume torque 
densities which arise from forces other than ex- 
change. Thus Tyo, may include anisotropy effects 
as well as the first and third terms appearing on the 
right-hand side of equation (1). Now introduce an 
arbitrary set of three mutually orthogonal unit 
vectors 4, iz, iz, and define M), M2, M3 by the 
equation 


(10) 


Insertion of equation (10) into equation (9) leads 


to: 


M = Mii, + Moie+ Mais. 


[ ((1/(@M/At)—T yor] dV 

‘, 

(11) 
where the integral extends over the volume V 
contained within a closed surface S. Here J), Jo, 


(2A/Ms?)(t1+ t2l2+ ig! 3), 


Iz are given by: 


= | (M2V?2M3—M3V?M2) dV 
‘, 


I; (12) 


plus two similar equations obtained by cyclic 
permutation of all the subscripts. Use of Green’s 


theorem yields: 
Ii = [M2(0Ms3 On) — M3(0Mp; On)] dS, (13) 
s 
where 0/0n denotes the partial derivative in the 
direction of a unit vector, m, which is normal to 
the surface. Equation (13) and two similar equations 


* In the correction to the BLocu JT? law attempted in 
reference (19), all dipolar foices are neglected and it is 
assumed that the Tsurr of the present paper is zero. In- 
clusion of dipolar forces would change the details of the 
predicted dependence of the saturation magnetization on 
the distance from the sample surface, but it would not 
alter the order of magnitude of the characteristic length 


A. 
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for Jz and Jz may now be inserted into equation (11) 


to give: 


( [(1/y)(OM/0t)— Tyo] dV 


> 


(24/M,2) { Mx(@Mjan) dS. (14) 


S 


Now let the volume V have the shape of a small, 
thin, pill box which is situated in such a way that 
one face is just inside the ferromagnet and the 
opposite face is just outside; 
volume used in the derivation of the boundary 
condition for the normal component of D or B. 
In the limit of an infinitely thin pill box the left- 
hand side of equation (14) vanishes and the right- 
hand side must be augmented by any torque which 
acts specifically across the surface of the ferro- 
magnet. Thus equation (14) results in the general 


exchange boundary condition: 


(24/M.2)Mx(OM/on)4+ Ture = 9, (15) 


where Tsyrp is the sum of all the surface torque 
densities which arise from forces other than ferro- 
magnetic exchange. Contributions to Tsurp may 
arise, for example, from the NEEL®®) surface aniso- 


tropy or from the presence of an antiferromagnetic 


layer on the surface of the ferromagnet. It should 
be noted that equations (15) and (9) are both based 
on a continuum model of the magnetization. Thus 
the validity of these equations is restricted to those 
situations in which the distances (e.g. spin wave- 
lengths) characterizing appreciable changes in M 
are long compared to the lattice spacing of the 
ferromagnet. 

If the deviations of 
saturation are small (as they are, for example, in 


the magnetization from 


microwave problems involving small signal powers) 
| 


then it is convenient to write: 
(16) 


m satisfies the relations |m M, and 
0. Thus the boundary condition (15) 


M = M;i.+m, 


where 
m - iz 
becomes: 


(17) 


Three special cases of this equation will now be 


(2A/M,)i. x (Om/0n)+ Ture = 0. 


considered. 


this is the kind of 
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Case I 

If Tsurp is zero, then equation (17) yields the 
boundary condition 


(18) 


at the surface of the ferromagnet. The special 
result (18) was derived independently and by 


Oom/on = 0 


different methods in three places(!-12-3) and im- 
plied@®) in a fourth. However, none of these 
derivations is entirely satisfactory. BROwN’s‘)) 
derivation is restricted to the static case, MAac- 
DonaLp’s*) is essentially a plausibility argument 
and AMENT and RApo’s®) is restricted to conduc- 
tors. The derivation leading to equation (18) is 
thus more general than those mentioned. 


Case II 

If Tsurp is caused by the existence of a surface 
anisotropy energy density Kgurr, then the first task 
is to find the form of Tgyrz. The simplest case 
occurs when the anisotropy axis is parallel to iz. 
Although this case is unlikely to occur in practice, 
it leads in a particularly simple way to a boundary 
condition whose consequences can be readily com- 
pared with the experimental results. Almost all 
other cases involve a lack of static saturation near 
the surface of a ferromagnet used in a resonance 
experiment. In the present case it is reasonable 
to assume that: 


Tsurt (19) 
represents the effect of Kgyrp on the magnetization. 
Substitution of equation (19) into equation (17) 


m xX izKsurr/Ms; 


gives 
(20) 


as the boundary condition at the surface of the 
ferromagnet. Equation (20) contains the limiting 


2Adm/0n—Kgyr:ym = 0 


cases 


m = 0), provided 2A0m/0n < Kgurym, 


(21a) 
and 
dm/on = 0, provided 2A0m/dn > Kgurrm. 
(21b) 
If the spatial variation of m is exponential, as it 
usually is in a resonance experiment, then equa- 
tions (21) are essentially equivalent to 


m 0, provided 2Ak < Keurt, (22a) 
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and 
O0m/dn = 0, provided 2AR> Kgurt, (22b) 


where k is an “appropriate’”’ propagation constant. 
In the AMENT-Rapo®) calculation, for example, 
a different k belongs to each of the three waves 
(so that 0m/On is not proportional to km), and it 
turns out that either of the two smaller k values 
are appropriate for use in equations (22). Since 
the anomalous skin effect causes the spatial varia- 
tion of m to be non-exponential,“) it follows that 
equations (21) rather than (22) must be used 
whenever this effect is appreciable. 

Equation (22a) was obtained independently by 
KitTeL), who considered the same physical 
mechanism of surface anisotropy but used an 
atomic rather than a continuum method in his 
derivation.* It seems possible that materials exist 
in which Kgurr is sufficiently large to make (22a) 
the correct boundary condition. 

Equation (22b), on the other hand, is simply a 
qualified restatement of equation (18), the ex- 
change boundary condition underlying the 
theory) which we use for quantitatively interpret- 
ing the experimental results of the present paper. 
Although the two arguments given below do 
indicate that under our particular experimental 
conditions equation (22b) is a better approximation 
than equation (22a), it must be remembered that 
the case under discussion (anisotropy axis parallel 
to iz) is probably unrealistic. 

The first argument is that the use of appropriate 
numerical values (A = 3:3 x 10-6 erg/cm, k ~ 10° 
cm=!, and Kgurp ~ 0-03 erg/cm?) shows the strong 
inequality contained in (22b) to be reasonably well 
satisfied. However, this value of Kgyrp represents 
only a rough estimate for our alloy, and it is not 
impossible that the inequality in question is in fact 
violated. Our estimate of Kgurp was obtained by 
inserting the values of certain magnetostriction 
constants measured by BozorTH and WALKER ?) 
into equation (17) of NEEL’s®® paper. This pro- 
cess involves the subtraction of two terms which 
are three to four times larger than their difference. 





* The inequality (15) of Kitrre.’s®) paper is easily 
shown to be equivalent to the condition 2A < Ksurt con- 
tained in equation (22a) of the present paper. However, 
it should be noted that Kitret chose both the static field 
and the anisotropy axis to be perpendicular to the sample 
surface. 


x 
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An actual measurement of Kgyrp does not seem to 
have been made so far. 

The second argument in favor of equation (22b) 
is much stronger : this equation leads to a resonance 
line shape which is given by equation (3) and agrees 
well with experiment (see Section 6). On the other 
hand, equation (22a) leads to a line shape which 
is given by 


1 /[y—224+iQL+2(1+i)e] (23) 


Hequ >= 


and definitely disagrees with experiment. 

Equation (23) was derived by a simple calcula- 
tion based on the methods and approximations of 
Appendix A of reference (3). It is interesting to 
note that as a result of these approximations there 
is no dependence of equ on the boundary condition 
used for my. In fact, we obtain equation (3) or 
equation (23) depending on whether we take the 
boundary condition at y = 0 to be @mz/dy = 
or mz = 0. (The co-ordinates x and y are respec- 
tively parallel and perpendicular to the sample 
surface.) The main point of interest, however, is 
the fact that in equation (23) the role of exchange 
(contained in ¢) is the same as if the values of g 
(contained in Q) and A (contained in L) were 
slightly modified. Thus the line shape perdicted by 
equation (23) is the same kind of circle, on a pg 
vs. 41 diagram, as that predicted by the relaxation 
formula, i.e. the formula obtained by putting 
¢ = 0 in equation (3) or equation (23). It will be 
seen in Section 6 that a plot of the experimental 
42 VS. 1 definitely deviates from a circle. 


Case II 

In this case we again assume that Tsur¢ is caused 
by the existence of a surface anisotropy, as in 
Case II, but now we take the anisotropy axis to be 
perpendicular to the sample surface. The aniso- 
tropy energy per unit area may then be written 
in the form Kurt cos2s, where Kgurg can have either 
sign and % denotes the angle between the magneti- 
zation and the normal to the surface. (Although 
the surface anisotropy depends, in addition, on 
the orientation of the surface with respect to the 
crystalline axes,(29 the expression Kgurr cos? 
occurs in many situations and thus constitutes a 
reasonable model.) Calculation then shows that 
the following two conditions are sufficient to assure 
that the magnetization near the sample surface will 
still be saturated along the z-direction. The first 
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is that 2y be negligible compared to unity, a re- 
quirement which is essentially fulfilled because it 
was shown in Section 3(a) that » itself is negligible 
compared to unity. The second condition for 
saturation to be maintained that the ratio 
B Ksurt/(27Ms?A)'/2 does not exceed unity. 
This requirement is also fulfilled because f is 
6:15 x 10-3 if Keurr, Ms and A have the numerical 
values cited above. Thus it is permissable to use 


is 


equation (17) rather than the more general equa- 


tion (15) as the basic boundary condition. Speci- 


fically, we obtain 
Om;/dy = 0 


Adm, /0vy—Kgurymy = 0 
as the boundary condition for the present case. 
Since it was stated under Case II that the validity 
of equation (3) depends on the boundary condition 
used for mz but does not depend on that used for 
my, it follows that the present situation leads to the 
same final result, namely equation (3), as the use 
of the orginal boundary condition (18). 
Although find the boundary 
0 to be superior to mz 


we condition 


Omy, CY 0 in our experi- 
mental situation, it is worth noting that the role of 
fourt 181 
may not correspond to Cases IT or III and because 
the magnitude of Kgurp can only be estimated. 


ot settled definitely because its direction 


Additional comments on this problem are given 


in Section 6(a). 


4. SAMPLE PREPARATION AND STATIC 
MEASUREMENTS 

The samples were made from a piece of perm- 
alloy obtained from Dr. E. A. GAUGLER while he 
was at the Naval Ordnance Laboratory. This 
permailoy was analyzed to have the following 
composition: 66 atomic per cent nickel, a few 
tenths per cent each of cobalt and manganese and 
the balance iron. Two rods were fabricated by 
melting some of the material under a helium 
atmosphere in high-purity alumina crucibles. 

The (polycrystalline) rods were then swaged 
from a diameter of 0-160 to 0-125 in.; the final 
length of each was 8-25 in. A single crystal of this 
permalloy was grown from the melt by V. J. 
FoLeN of this Laboratory. This rod, 4-25 in. in 
length, was centerless ground to a diameter of 
0-125 in. and then etched deeply. Mechanical 
polishing of the specimens was done on a lathe. 
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Paper buffed down with stearic acid was used in 
diminishing degrees of coarseness, the last being 
type 3/0. Final mechanical polishing was carried 
out with “Linde A” abrasive powder, followed by 
“Linde B’’, used in a paste of water and aerosol. 
To produce strain-free, unscratched surfaces, the 
samples were electropolished. A bath of 90 per 
cent orthophosphoric acid, 10 per cent chromic 
acid was used at room temperature. The specimen, 
held in a vertical position, was placed along the 
central axis of a 1-5-in.-diameter cylindrical nickel 
cathode. The polishing was done at a current den- 
sity of about 15 A/in?, usually for a period of 30-60 
sec. Although scratch-free polished surfaces do 
result from this treatment, it was observed that 
the surfaces so obtained are wavy in texture. the 
waves having amplitudes and spacings about 
0-001 cm in magnitude. The permeabilities mea- 
sured after such treatment changed somewhat 
after each polishing. It was found that if a specimen 
were rotated at a high speed (about 1800 rev/min) 
during electropolishing, extremely smooth surfaces 
were obtained, and the permeabilities measured 
were reproducible from one polishing to the next. 
An electron-diffraction analysis of the surface of a 
permalloy test specimen was carried out by Dr. J. 
Kari of this Laboratory. The surface of this test 
specimen had been prepared in the same manner 
as those of the other samples. The analysis indi- 
cated that the metal surface is covered by a layer of 
undetermined composition whose thickness is 

20A. 

The 
relieve strains induced during cold working and 
then given an ordering anneal to produce an ex- 
tremely small magnetocrystalline anisotropy. This 
latter anneal consists of cooling the samples at the 
rate of 60° C/hr from 600 to 300° C. Both heat 
treatments were carried out in a pure dry hydrogen 
atmosphere. (The purification of the hydrogen 
was accomplished by means of an activated char- 
coal trap to remove organic vapors, a palladium 
catalyst to promote the combination of any oxygen 
present with hydrogen to form water vapor and a 
drying agent to remove this water vapor.) Subse- 
quent to the heat treatments the samples were 
again electropolished by means of the “rotation 
method” described above. 

The results of certain static measurements per- 
formed on the samples are listed in Table 1. 


samples were annealed at 1200°C to 
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Table 1. Results of static measurements 


| 4nM | 
Temperature | x10~4 x 10-3 
| (emu) | (erg/cm’) | 


|Ka| 1/0 
x 108 
(22 cm) 


Sign of Ki 





< 0-6 
<1 


1-345 
1-406 


| negative 
| unknown 


The saturation magnetization, Ms, was mea- 
sured ballistically by means of a pick-up coil which 
was wound directly on one of the sample rods and 
later removed for the microwave experiments. It 


was found that at room temperature the value of 


the magnetization, M, is within 1 per cent of Ms at 
an internal field of 10 Oe. At liquid-nitrogen 
temperature the values of M were found to be 
within 1 per cent of Ms at all fields used in the 
resonance experiments. The demagnetizing field 
was calculated from equation (2, 23) of STABLEIN 
and SCHLECHTWEG), Its value is about 5 Oe for 
the static field at which the 3000 Mc/s resonance 
occurs in the polycrystalline (8-25 in.) rods. The 
corresponding value for the shorter (4-25 in.) 
single-crystal rod is roughly 26 Oe; this latter 
value is inaccurate and was not used for g-factor 
calculations. 

Limiting values of the first-order magneto- 
crystalline anisotropy constant, Kj, were measured 
by V. J. FoLen of this Laboratory by means of a 
torque method on single-crystal disks having the 
same composition and heat treatment as the 
samples used in the resonance experiments. ‘The 
results (Table 1) are consistent with those of 
BozortH and WALKER®?), From Table 1 it is 
found that the anisotropy field, which is 4 | Ky|/3Ms 
when Kj is negative, definitely does not exceed 
0-75 Oe at 302° K. This value is negligible in 
comparison to the line width and the resonance 
field of the microwave experiment. Although 
neither the second-order anisotropy constant nor 
the magnetostriction has been measured on our 
samples, published data‘??) indicate that these 
additional contributions to the effective field are 
also negligible. 

The static resistivity was measured on the actual 
rod samples employed in the microwave experi- 
ments. Currents of 3-5 A parallel to the rod axis 
(i.e parallel to the static field) were used, and effects 
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arising from contact potential were eliminated by 
reversing the current. Since the measured resisti- 
vities varied over a range of about 3 per cent, only 
average values (referring to sample b) are listed in 
Table 1. Some values of magnetoresistance have 
already been mentioned (Section 3(a)). 


5. MICROWAVE MEASUREMENT METHOD 
(a) Principles 

The two components of the complex equivalent 
permeability, equ = “1—72, were measured by 
an improved and modified version of the method 
of JOHNSON and Rapo(4), This method had been 
used for the first simultaneous measurement of 3 
and pein a ferromagnetic metal.(@5) In the present 
work, the ferromagnetic speciment is again a 
cylindrical rod which constitutes the inner con- 
ductor of a half-wave coaxial cavity resonator 
operating in a slightly perturbed TEM mode. 


The cavity is shown in Fig. 1. To prevent the 


> H, (static) 











CAVITY (front half removed) 


Fic. 1. Resonant cavity, drawn approximately to scale. 
(1) Gold foil pulse leads; (2), (3) microwave probes; (4) 
exposed section of permalloy rod; (5) mica insulator; (6) 
gold foil overlay; (7) polystyrene tuning bead; (8) fixed 
glass tube; (9) movable glass rod; (10) travelling micro- 
scope drive; (11) permalloy rod (electropolished); (12) 
detail of permalloy rod-to-cavity contact (same at each 
end of the cavity). The symbols H, (static), H, and Are 
denote, respectively, the static solenoid field, the pulsed 
field and the microwave magnetic field. The inside 
length of the cavity is about half the free-space wave- 
length and its inside diameter is 0°500 in. The permal!!oy 
rod, whose diameter is within a few percent of 0-117 in., 
is covered by a gold foil of (1-1--0-1) x 10-%in. thickness. 


high microwave permeability of the specimen 
from causing an inconveniently large decrease in 
the quality factor, Q, of the resonator, all but a 
short section of the specimen is covered by a thin 
gold foil. The thickness of this foil (~ 10% in.) 
is large compared to the skin depth, but it is 
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sufficiently small to cause only a negligible step- 
discontinuity in the cross-section of the inner con- 
ductor. As in the earlier work, a transmission 
cavity is used, the tuning is accomplished by means 
of a movable dielectric bead, and a pulsed field 
parallel to the microwave field is provided for 
reducing equ to unity in the course of the experi- 
ment. The basic modification of the earlier ap- 
paratus is the addition of a solenoid to produce a 
static magnetic field which is parallel to the rod 
axis and thus perpendicular to the microwave 
field. When corrected for demagnetization, this 
static field furnishes the H, for the resonance 
experiment. Additional modifications of the ap- 
paratus and some experimental details will be 
mentioned later on. 

The directly measured quantities are certain 
frequency shifts and Q-values corresponding to a 
given H;. From these quantities we compute py 
and pe by using the appropriate formulas derived 
in reference (24). These formulas are rederived 
below. The present derivation is not only briefer 
than the earlier one, but it is also capable of being 
extended to the case of a cavity which has a dis- 
continuity in its cross-section. This extension is 
outlined in the Appendix. 

We start with SLATER’s(26) general treatment of 
cavity resonators by the method of orthogonal 
functions. Simple modifications of his equation 
(III. 57) lead to: 


( (fequ?0 4)h-hodS 


Aw S 


(1+7) (24) 


( h-hodV 


J 


for an unloaded cavity oscillating at a circular 
frequency, w, which is near to the resonance fre- 
quency of a particular normal mode. Here No is 
the microwave field of this normal mode, h is the 
total microwave field, and V and S are the volume 
and interior surface of the cavity, respectively. 
The quantity Aw is the amount by which the 
circular frequency of the actual cavity exceeds that 
of a similar cavity having ideal walls. The para- 
meters egy and 5, which refer to the cavity walls, 
have already been defined. 

We now apply equation (24) to a hypothetical 
cavity whose walls consist partly of perfect con- 
ductors and partly of a ferromagnetic metal, F, 
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which is exposed to a static field Hz perpendicular 
to the microwave field. Denoting Hz by H, we 
obtain 


(1 20)r H—W(Aw w)P H (1 +i)pul/? R, (25) 
. equ 

where R is an abbreviation for the dimensionless 

ratio 

(3/4) | h-hodS/ [ h- hoaV. 


F V 


R (26) 


[he quantities 6 and equ occurring in equations 
25) and (26) refer to the properties of F. Simple 
manipulation of equation (25) yields 
(1 20)r H(Aw w)F H 

R2 


MI 


(1 20)°r y—(Aw w)?p H 
2k? 


us (27b) 


The next step consists in expressing (1/2Q)r,# 
and (Aw/w)r,41n terms of measurable quantities. 
For an actual cavity, denoted by C, we hava the 
relation 


(1/20)¢ = (1/20)r+(1/20)n, 


where N denotes the nonferromagnetic (but im- 
perfectly conducting) part of the cavity walls. 
Equation (28) applies when the cavity is exposed 
to Hz and also when it is exposed to a saturating 
(pulsed) field P which is parallel to the microwave 
field. Subtraction of the resulting equations gives: 


(1/20)r, #—R = (1/20)c, u—(1/2Q)c, p, (29a) 


where the condition (1/2Q)n,H 
(1/20)n,p was used, and the quantity (1/2Q)r,p 
(which corresponds to F being characterized by 
ftequ = 1) was replaced by R, as required by an 
application of equation (24). In an analogous 
manner we obtain: 


(Aw wr, H+R 


obvious 


(Aw w)( ‘Ja—(Aw w)c. P» 
(29b) 


where (—Aw/w)r,p was replaced by R. The 
quantities appearing on the right-hand sides of 
equations (29) have been measured directly by 
methods to be discussed below. Since R can be 
calculated, the use of equations (29) in equations 
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(27) furnishes the experimental values of 1 and 
pe. 
In calculating R by means of equation (26), we 
must remember that the perturbation method 
underlying equation (24) permits us to proceed 
as if the fields h and ho referred to a cavity with 
ideal walls. Furthermore, we ignore the existence 
of the discontinuity caused by the gold foil. 
Experimental checks as well as the calculation 
outlined in the Appendix show that this approxi- 
mation is justified in our cavity. Thus the effect of 
higher modes is negligible and h may be replaced 
by ho. The cavity operates in the TEM mode and 
its length is Ao/2, half of the free-space wave- 
length. Using cylindrical coérdinates r, 0, z, and 
omitting a constant factor, we have: 


ho = he = (1/r) cos koz, 30) 
so that after some elementary integrations equa- 
tion (26) yields 


7 4a In b/a ) 
(31) 


where the first factor on the right-hand side will 
be denoted by f. Here ko is 27/Ao, and a and b are 
the radii of the inner and outer conductor, re- 
spectively. The length of that section of the ferro- 


| Rols+ cos 2RoLe sin = | ) 


magnetic sample which is not covered by the gold 
is denoted by Ls and the distance from the center 
of this section to either end of the cavity by Le. 
Equation (31) involves the static conductivity 
through the quantity 6, the skin depth for perme- 
ability unity. Thus the eddy-current losses existing 
in the absence of microwave magnetization are 
essentially calculated rather than measured. Equa- 
tions (27), (29) and (31) are in full agreement with 
the corresponding results of reference (24), even 
though in the earlier work 1 and pe were derived 
via the attenuation and phase velocity of TEM 
waves perturbed by the cavity walls. This agree- 
ment is due to the equivalence of the basic approxi- 
mations used in the two treatments, and it is a 
reflection of the fact that basically 1 and pe are 
determined by the two components of the complex 
surface impedance. We note that the quantities 
(1/2Q)r,H, (—Aw/w)r,4, and R of the present 
paper correspond, respectively, to yay, y8y and 
yt%a(= yBo) of reference (24). 
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(b) Procedures 

The input to the cavity is coupled to a stable 
microwave source and the output to a super- 
heterodyne receiver. Both of these couplings are 
so loose (the cavity corresponds to an insertion 
loss of about 55 db) that the measured Q’s may be 
regarded as unloaded Q’s. The microwave source 
consists of a crystal-controlled oscillator, tunable 
over a small frequency range, whose output is fed 
to a system of overdriven tuned amplifiers which 
act as frequency multipliers. Crystals oscillating 
at 99-6, 99-8, 100-0, 100-2 and 100-4 kc/s are 
used. The oscillator frequency is continuously 
monitored by comparing it on an oscilloscope 
with the frequency of a standard signal broadcast 
by Station WWV. During the course of a Q- 
measurement, the frequency varies by less than 
one part in 106, The power output of the micro- 
wave source, in the 3000 as well as in the 4000 
Mc/s region, is roughly 50 mW at each of five 
frequencies separated by 0-2 per cent. The fre- 
quency stability of this source is the same as that 
of the crystal oscillator, and its voltage stability is 
about 0-2 per cent for a period of several minutes. 

All permeability determinations are carried out 
at a constant frequency of either 3000-00 or 
4000-00 Mc/s. The measurements of changes in 
frequency required throughout the experiment 
are replaced by measurements of changes in 
resonant wavelength. The latter involve a movable 
dielectric bead, made of polystyrene, which is con- 
nected by means of a glass rod to a Gaertner travel- 
ling microscope drive. Use of the five stable fre- 
quencies permits us to obtain a calibration curve 
of dielectric bead position vs. cavity resonance 
frequency. The thickness and mean position of the 
bead are chosen in such a way that the calibration 
curve is practically linear over a limited but ade- 
quate range. A typical value of the calibration 
constant in the 3000 Mc/s experiment is about 
0-022 dial divisions (on the indicator of the micro- 
scope drive) per kilocycle of frequency change. 
One dial division corresponds to a bead displace- 
ment of 10-3 cm. The motion of the bead is suffi- 
ciently smooth to allow a precision of 0-5 dial 
division in the measurement of the center of a 
cavity resonance curve. In contrast, the largest 
unidirectional frequency shift which occurs in the 
magnetic resonance (corresponding to a change in 
#41 from zero to its most negative value) amounts 
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to about 60 dial divisions if a representative 
f-valve is used. 

The rectified output of the superheterodyne 
receiver can be connnected either to a d.c. micro- 
ammeter or to a single-pulse voltmeter” specially 
developed for such experiments. In the former 
case, we measure the cavity transmission vs. bead 
position and obtain (1/2Q)c¢,y 1n a straightforward 
way. Ir 
on bead position of another quantity, namely, the 


the latter case, we measure the dependence 


ratio of the cavity transmission in the state P to 
the cavity transmission in a state H. By using the 
“straight-line method’’ described earlier,(4) we 
] deduce from these measurements the ratio 

H Or _pand the difference (Aw)c. y7—(Aw)c. p. 
ince the right-hand sides of equations (29) are 
the experimental values of jj 


determined, 


be evaluated. In practice, however, 


now 
and | Cal 
another complication exists. Unless H; is zero or 


small, the pulsed field (which is around 500 


very 
or 1000 Oe) is insufficient to reduce pegy to unity. 


nherently slow and it is difficult to perform them 


thermore, 


the single-pulse measurements are 


accurately. Bot! these objections are overcome 


ing th method solely for measuring 


Dy S 


(1/20), 


o and (Aw/w)r,9 via equations (29). 


These two quantities are then used in equations 
rive the yx; and pe corresponding to the 
and peg correspond- 


H., we 


(Aw W)F.g into the simple differ- 


U, To obtain the [14] 


other value of substitute 


20); 0 (1 20), y—(1 20), 05 


i 


(32a) 


(Aw PF. y—(Aw W)F 0 (Aw/w), H—(Aw W)C 0, 


(32b) 


whose right-hand sides can be measured without 
The values of (1 20); H and (Aw/w)r 4 


then 


pulsing. 
furnished by equations (32) are used in 
equations (27). 

We now turn to a discussion of the f-factor 
defined in connection with equation (31). It is 
important that the values of Ls and Le be chosen 
properly. Ls; must be sufficiently large to minimize 
end effects due to the gold foil and sufficiently 
small to keep the cavity Q reasonably high. Le, on 


the other hand, must be sufficiently large to fulfill 
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the latter requirement, and it must be sufficiently 
small to prevent interactions between the pertur- 
bations caused by the gold foil and the dielectric 
bead. Both Ls and Le were determined by means 
of a travelling microscope. In the 3000 Mc/s 
experiment, where the length of the cavity is 
~ 5 cm, complete curves of 1 and pe vs. Hz were 
0-0633 
corresponding to Ls 2-077 
cm, to f = 0-1009, corresponding to Ls 1-302 
cm and Le 1-851 cm. The fact that all the 
curves agreed within experimental error constitutes 
a verification of the expression for f contained in 
At 3000 Mc/s and room tempera- 


measured with f-values rang ng from f 
1-339 cm and Le 


equation (31). 
ture, and with a representative value of f = 0-0749, 
Qc, is 513 and QOc,y at the magnetic resonance 
is ~ 2-6 times smaller. 

A few experimental details will now be men- 
tioned. The gold foil used to cover part of the 
sample had previously been annealed at 800° C 
because it was found necessary that the gold be 
very soft and adhere closely to the sample rod. 
The uncovered section of the rod was located in 
its center in order that the demagnetizing field 
contributing to Hz be as uniform as possible. 
Duco was 
secure the overlap of the gold foil. The quality of 
the contact between the gold and the uncovered 


cement thinned in acetone used to 


permalloy section was improved by means of a 
ring-shaped layer of silver paint. It was found that 
the existence of gaps at this joint causes large 
changes in the measured frequency shifts. Al- 
though a few experiments indicated that even a 
gold thickness of 0-003 in. allows us to neglect the 
effects of the step in the inner conductor, all the 
final data were taken with a 0-001-in. gold covering. 

At 3000 Mc's the experimental results were 
reproduced in two different brass cavities and in 
one gold-plated cavity. Several methods were 
used for making a good but strain-free contact 
between the inner conductor and the end plates 
of the cavity. One method employed soft gold 
shims. Another method, which proved invaluable 
in the liquid-nitrogen-temperature experiments, 
involved the use of appropriate spring contacts to 
allow for a longitudinal and radial differential 
thermal expansion between the cavity and the 
permalloy rod (see Fig. 1). It was found that good 
electrical contact is maintained when the force 
necessary to slide the rod with respect to the cavity 
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is considerably less than 2 lb. This upper limit 
represents a pressure of 0-2 kg/mm2, from which 
we obtain (by using the known magnetostriction 
constant) an equivalent field of ~ 1 Oe. The puls- 
ing leads as well as the potential leads for the 
resistivity measurements are attached to the sample 
(outside the cavity) with spring mechanisms to 
prevent straining. A similar cavity was used at 
4000 Mc/s 

By changing the signal power over a range of 
12 db, it was found at both 300 and 77° K that the 
cavity resonance frequencies (and hence the values 
of equ) are independent of the microwave ampli- 
tude. When a brass rod was inserted into the cavity, 
neither a solenoid field (up to ~ 150 Oe) nor a 
pulsed field caused observable effects. 

The following modifications were made to adapt 
the apparatus to liquid-nitrogen-temperature ex- 
periments. Soldered underneath the base plate of 
the cavity was a continuous circuit of wave-guide 
through which liquid nitrogen flowed constantly 
during the measurements. The cavity, the rod 
and the base plate (but not the microscope drive) 
were covered by a double-walled shield which was 
filled with liquid nitrogen. A foam polystyrene 
shield was used to enclose the whole ensemble, 
and all holes were plugged up with fibreglass. 
The air space thus enclosed was filled with helium 
gas which was kept at liquid-nitrogen temperature 
and at a constant flow rate. The helium gas helped 
to establish and maintain good thermal equilibrium, 
prevented freeze-up and offered the additional 
advantage of having a dielectric constant which 
does not vary as rapidly with temperature as that 
of air. Frequent measurements of the static resis- 
tivity indicated an essentially constant temperature. 
This was verified by the extreme constancy of the 
microwave results throughout a run. The tuning 
arrangement worked as well at 77 as at 300° K, 
and the closeness of the thermal expansion co- 
efficients of gold and permalloy in this range in- 
sured that the gold foil was neither detached from 
the sample nor strained. At both frequencies the 
300° K curves were remeasured after the sample 
had been exposed to 77° K. No evidence of thermal 
hysteresis was found. 


6. EXPERIMENTAL RESULTS AND DISCUSSION 
(a) Room temperature 


Fig. 2 shows the measured values of jy; and pe 
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as a function of H, at 3000 Mc/s. Theoretical 
curves, based on equation (3), are also shown. 
The parameters A = 2-88 x 10-* erg/cm, g = 2-07, 
A = 0 and the static room-temperature resistivity 
were used in fitting the theoretical curves to the 


3000 Mc/sec,Room Temp 


O@SAMPLE (Average) 
4 ASAMPLE D —_— 
2.88 X10*erg/em 


i Tic 
THEORETICAL 4 Pebepe 


a 


fe 
Ne 


60 80 ~ 
a STATIC FIELD (Oersteds) 


Fic. 2. Measured and calculated values of wequ = 1 —ipe 
at room temperature, 3000 Mc/s. Data for samples a and 
The theoretical curves are calculated from 
2:88 x 10~® erg/cm, g = 2:07, 
resistivity. 


b are shown. 
equation (3) by using A 


A =O and the static room-temperature 


experimental data by means of the method de- 
scribed in reference (3 ). Only two unknown para- 
meters (A and g) are involved, because the static 
resistivity is directly measured. It is seen that at 
resonance jg is large and H, relatively small, in 
agreement with the qualitative requirements (see 
Section 2) for observations of exchange effects. 
In addition, the quantitative agreement between 
experiment and theory is seen to be good. This 
includes the characteristic asymmetries of the 
“exchange only” curves, as well as the observation 
and prediction of negative values of pe. It should 
be emphasized that in the presence of exchange 
effects a negative jg does not violate the second law 
of thermodynamics. The reason(®) is that in this 
CaS€ {equ does not describe a point relation (such 
as a tensor) connecting the microwave flux density 
with the microwave field. In fact, wequ is merely a 
measure of the complex surface impedance, and 
pg can have either sign. 

In Fig. 3 we show curves of pe vs. uy with H; 
as a parameter. The value of Hz increases from 
zero to infinity in a clockwise direction along each 
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of the curves. Experimental data taken on a single 
crystal are compared with the data used in Fig. 2, 
which pertain to two polycrystalline samples. ‘The 
agreement is seen to be very good. Although this 
was expected in view of the very low magneto- 


crystalline anisotropy of our alloy, it is interesting 


values of equ 


Mc/s. Data 


yr the single crystal are shown 


calculated 
3000 


3. Measured and 
tor 
The 
unge only) is calculated on the basis of 
2°88 x 10-* erg'cm, A 0, 


value of 


at room 


2 temperature, 
samples a and b fi 
lid curve (exché 
yy using A 

tatic room-temperature resistivity; the 


The 


the 


dashed curve (relaxation only) is cal- 


using A 


basis of equation 

5-01 x 10° sec 2°30 an 

to find that grain boundary effects can definitely 

be excluded. The “egg-shaped”’ curve (solid line) 
an “exchange only” theoretical curve based on 

the same parameters as the theoretical curve of 

Fig. 2 


“relaxation 


The dashed curve, on the other hand, is a 
based on 
5-01 x 108 
It the 
agrees with the experimental 
the 
agree. Other relaxation curves, based on different 


only” theoretical curve 


equation (3) and the parameters A 


sec-!, g = 2:30 and A= 0. is seen that 


exchange curve 


results, whereas relaxation curve does not 


values of A and g, are equally unsatisfactory. This 
follows from the easily demonstrated fact that the 
relaxation curve is necessarily a circle which has 
its center on the ye axis and which is tangent to 
the jy axis at the origin. Furthermore, an interpre- 
tation based on “relaxation only”’ yields the un- 
g-value of 2-30. This value dis- 
agrees not only with the prediction of equation (2) 
2:12 


reasonably large 


but also with the direct measurement of g 
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which we performed on a thin disk of our alloy at 
about 24000 Mc/s, a frequency where the ex- 
change effects in this material are small. ‘The mea- 
sured value% of g’ for an alloy having a composi- 
tion similar to that of our samples is around 
1:90, so that the value of g = 2-07 obtained on 
the basis of the exchange interpretation is consis- 
tent with equation (2). It should also be noted 
that an interpretation based on “exchange plus 
relaxation’? would be less satisfactory than the 
“exchange only’’ interpretation. The reason is 
that a situation in which neither A nor A vanishes 
gives rise to some curve intermediate between the 
solid curve and the dashed curve of Fig. 3. Finally, 
we recall that the arguments given in Section 3(a) 
eliminate some other kinds of relaxation effects 


also. 


Fic. 4. Measured and calculated values of pequ 1 
at room temperature, 4000 Mc/s. Data for sample 6 are 


pe 


shown. The theoretical curves are calculated from equa- 
3:80 x 10-* erg/cm, g 2-045, 
resistivity. 


using A 


the 


tion (3) by 


A and Static room-temperature 

We now turn to the 4000 Mc’s results. Experi- 
mental data and a theoretical curve analogous to 
those of Fig. 2 are shown in Fig. 4. Again there is 
good quantitative agreement between experiment 
and the “exchange only” theory. However, the 
parameters A = 3-80 x 10-% erg/cm and g = 2-045 
required to fit the 4000 Mc/s curves are somewhat 
different from the corresponding values obtained 
at 3000 Mc/s. In the case of A, at least, the differ- 
ence (amounting to roughly 30 per cent) might 
well be significant. An explanation of this differ- 
ence is not yet available. On the other hand, the 
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ROOM TEMPERATURE 
© 3000 Mchec 5S = 1.0 
A 4000Mc/sec 86S = 1.3 
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Fic. 5. Measured values of equ 41 





- —250 


—ipe at room temperature, 3000 


and 4000 Mc/s for sample b. 


line shapes observed at the two frequencies are in 
good agreement, as shown in Fig. 5, so that an 
important prediction of the exchange theory®) is 
verified. The value of the arbitrary scale factor, s, 
appearing in Fig. 5 was chosen to be unity at 
3000 Mc/s. If the values of A measured at the 
two frequencies were the same, then the value of 
s at 4000 Mc/s would be (4/3)# = 1-15 rather than 
1-3. This means that the theory needs to be re- 
fined unless an unsuspected systematic error of 
15 per cent can be uncovered in the permeability 
measurements. 

By averaging the values of A and g deduced 
from the experimental data at the two frequencies, 
we obtain the “measured”’ results: 


(33a) 
(33b) 


A = (3-340-5) x 10-6 erg/cm, 


g = 2:0640-01, 


at room temperature. The g-value was discussed 
above, and the A-value will now be compared with 
values obtained by other methods. 

Konporskty and Fepotov®®) made measure- 
ments of the approach to absolute saturation at 
low temperatures in an alloy of composition similar 


to that used in our experiments. On the basis of the 
BLocu T?-law, one may deduce from their data 
values for A of 1-0 x 10-6 and 0-81 x 10-6 erg/cm, 
depending on the thermal history of their samples. 

Soon after our first experiments, BEAN!) de- 
rived an A-value for 65 Permalloy from his mea- 
surements of the surface energy of a collapsing 
domain wall. His result is A = (1-0+0-2)x 10-6 
erg/cm at room temperature. 

We now consider six possible explanations for 
the factor-of-three ‘discrepancy’ between our 
A-value and the A-values obtained by the two 
other methods. 

(1) The interaction of spin waves and elastic 
waves, a mechanism discussed by Srmon(?) and 
by Kirre_®*) in related problems, might conceiv- 
ably play a role in spin-wave resonance. Prelimin- 
ary calculations based on the simplifying assump- 
tion of elastic isotropy show, however, that the 
effects of this interaction are negligible under the 
conditions of our experiment. 

(2) Contributions to the line width arising from 
two mechanisms of the “non-exchange”’ type can 
probably be ruled out. One such mechanism is 
pure relaxation broadening, including broadening 
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due to processes whose mathematical form differs 
from the Lanpavu-—LirsHiTz or BLOCH expression, 
and the other is broadening due to lack of technical 
saturation. Neither of these mechanisms can pro- 
duce the observed negative values of jg, and static 
measurements (see Section 4) have shown that 
our samples are technically saturated in the reson- 
ance fields used. Moreover, the existence of ap- 
preciable local fields is improbable because there 
is agreement between the line shapes at 3000 and 
4000 Mc's (Fig. 5) where the resonance fields 
differ by a factor of two. 

(3) It is well known that a calculation of A from 
first principles is not available for any material, 
and that the basic theory of spin waves‘*) is sub- 
ject to numerous limitations. However, A can be 
defined operationally in terms of the coefficient of 
Mx V72M in equation (1), and this definition does 
not require a detailed knowledge of the exchange 
effect. The results of RopBELL“*) show, moreover, 
that the value of A derived from resonance mea- 
surements on selected iron whiskers bounded by 
(100) crystallographic planes (where, according to 
N&EL(°), the surface anisotropy vanishes) is con- 
sistent with that derived from previous 7'!-law 
measurements on polycrystalline bulk iron. ‘Thus 
it is unlikely that these two methods should yield 
different A-values as long as complicating effects 
of the kind discussed under (4), (5) and (6) are 
negligible. 

(4) It is not inconceivable that in some materials 
there are additional exchange-dependent energy 
losses whose effect on the resonance curve could 
be described by assigning a larger (and possibly 
frequency-dependent) value to the “effective A’’. 
One possible source of such losses might be the 
incompleteness of the atomic order in our alloy. 
However, this particular possibility is not very 
promising, because it seems to require that the 
atomic distribution possesses Fourier components 
whose wavelengths are not negligible compared to 
the skin depth. 

(5) Another source of 
energy loss may arise as follows. Let us suppose 
that the actual value of the surface anisotropy is 
very much (at least 163 times) larger than the esti- 
mated value obtained in Section 3(b) on the basis of 
the phenomenological NEEL theory. In that case 8 
will exceed unity and the magnetization near the 
sample surface will not be saturated. Specifically, a 


exchange-dependent 
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calculation of the type mentioned under Section 
3(b), Case III, shows that a static magnetic struc- 
ture similar to that in a domain wall should exist 
near the surface. It is planned to extend this cal- 
culation to the dynamic case in order to determine 
whether the non-alignment of the magnetization is 
capable of producing additional eddy-current losses 
which may be described, at least for a limited range 
of the relevant parameters, by choosing a larger 
value for the effective A. Similar remarks apply to 
situations in which the direction of Tsyrp does not 
correspond to Cases II and III of Section (3b). 
Such situations may also give rise to a lack of mag- 
netic saturation near the sample surface, even if 
Kgurt is not unexpectedly large. 

(6) Finally, we recall that the surface of the 
metal samples is covered by a layer of undeter- 
mined composition whose thickness is <20A 
(see Section 4). Future experiments may make it 
possible to eliminate this layer or to determine 
whether it is caused primarily by the action of the 
atmosphere or of the electropolishing. Although 
it is not feasible, at present, to decide whether this 
layer can give rise to an increased effective A, it 
seems reasonable to simulate the role of this layer 
theoretically by using a larger value for the surface 
anisotropy. In this case the extended calculation 
mentioned under item (5) may clarify the nature 
of the effects caused by the surface layer. Additional 
experiments, involving single crystals with specific 
exposed faces, are also being considered. 

We summarize this discussion by noting that 
the factor-of-three discrepancy between the A- 
values is probably not caused by the effects de- 
scribed under (1), (2) and (3). As to possibility (4), 
it appears to be unlikely but has not been elimin- 
ated. The most promising explanations seem to 
be (5) and (6), and these are now being investi- 


gated. 


(b) Liquid-nitrogen temperature 

In Fig. 6 we compare the 77° K results with 
those obtained at 300° K. Experimental data taken 
at 3000 Mc/s are shown along with appropriate 
theoretical predictions. Curves 1 and 1’, which 
are included for comparison, present the measured 
and calculated room-temperature permeabilities 
previously given in Fig. 2. The liquid-nitrogen- 
temperature results are shown in the experimental 
curves 2 and 2’ and in the theoretical curves 3 and 
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3’, Since the temperature-dependence of g and A 
is not known theoretically, curves 3 and 3’ are 
based on the reasonable assumption that g as well 
as the ratio A/M,? has the same value at 77 as at 
300° K. As for the static resistivity, the value 
measured at 77° K was used for calculating curves 





Fic. 6. Measured and calculated values of wequ = i—ipe 
at 3000 Mc/s for sample 6. Curves 1 and 1’ are theoretical 
curves calculated from equation (3) by using A 

2°88 x10-& erg/em, g = 2:07, A=O and the 
room temperature resistivity; the experimental points at 
room temperature are also shown. Curves 2 and 2’ are the 
observed resonance curves at liquid-nitrogen tempera- 
ture, and 3 and 3’ the theoretical curves expected at this 
temperature on the basis of the static liquid-nitrogen- 
temperature resistivity and the same A/M,? and g as 

those used for curves 1 and 1’. 


static 


3 and 3’ by means of equation (3). The theory 
predicts that as the temperature is lowered the 
exchange broadening of the resonance line in- 
creases and the resonance field decreases. Both 
effects have been observed qualitatively (Fig. 6), 
but neither is as large as would be expected 
theoretically. It should also be noted that the nega- 
tive values of yg predicted by the exchange theory 
have been observed at 77 as well as at 300° K. 
The frequency-dependence of the 77° K reson- 
ance line shapes is shown by the solid curves of 
Fig. 7. As explained in the caption, the dashed 
curve is calculated on the basis of equation (3) by 
using assumptions analogous to those involved in 
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curves 3 and 3’ of Fig. 6. The ratio of the scale 
factors assigned to the calculated curve at 3000 
and 4000 Mc/s is 1-33 rather than the theoretically 
predicted (4/3)# = 1-15. This deviation is due to 
the apparent frequency-dependence of A at 
300° K. It is seen from Fig. 7 that the discrepancy 


Fic. 7. Measured and calculated values of equ = wi —ipe 
at liquid-nitrogen temperature, 3000 and 4000 Mc/s for 
sample 6. The dashed curve is calculated on the basis of 
equation (3) by using A 0, the liquid-nitrogen- 
temperature resistivity, and an A/M,? corresponding to 
the room temperature value of Ms; and to A = 2°88 x 10-6 
erg/cm for 3000 Mc/s and A 3-80 x 10-® erg/cm for 
4000 Mc/s. Because of the apparent variation of A with 
frequency, the ratio of the scale factor, s, at the two fre- 
quencies had to be chosen as 1-33 in order to make the 
two theoretical curves coincide; theory predicts that this 
ratio be (4/3)1/2 133. 


between theory and experiment at 77° K is about 
the same at 4000 as at 3000 Mc/s. Since the 
experimental line shape (at both frequencies) is 
even more asymmetric than the theoretical 
“exchange only” line shape, the explanation of this 
discrepancy cannot be based on the usual relaxa- 
tion effects which yield a symmetrical resonance 
line. The discussion given in Section 3(a) 
indicates, on the other hand, that a part of this 
discrepancy can be attributed to certain anomalous 
effects) caused by the electronic mean free path 
at low temperatures. However, a quantitative 
determination of A is not yet feasible at 77° K. 
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APPENDIX 


We outline a method of calculation which permits the 
derivation of »1 and pe from measurements of Q’s and 
frequency shifts performed with a cavity whose cross- 
section contains geometrical discontinuities. Although 
we are concerned with the special problem of a gold foil 
which partially covers the ferromagnetic inner conductor 
of a coaxial cavity, the general method is applicable to 
other problems and other geometries. No calculations of 
this hind appear to have been published, and it seems 
likely that other experimental situations will arise (especi- 
ally in connection with single crystals) where geometrical 
discontinuities are difficult to avoid. 

The basic point is the known fact that the conduc- 
tivity and permeability of the metallic walls of a micro- 
wave cavity can almost always be regarded as producing 
merely a perturbation of the fields which would exist if 

» walls were perfect conductors. Thus equations (24), 
(25) and (26) are usually applicable, and the effect of a 
geometrical discontinuity in the cross-section of the 
cavity appears solely in the value of R. In our particular 
problem the discontinuity caused by the gold foil is small 


so that it is useful to write 


R = Ro(1+A), (A.1) 
where Ro is the value of R given by equation (31) and A 
is assumed to be a real number small compared to unity. 
Within 


result 


this approximation, which is verified by the 
of the calculation, equations (27) remain valid 
2A). By using methods 


7 


provided R* is replaced by Ro*(1 
similar to those leading to equations (29), we then ob- 
tain: 
pa(1+2A) = pw +[(ur®)?+(ur)?JA+A2, 
(A.2a) 
p2+ [(ur®)?—(ui)*JA, 


(A.2b) 


joo( 1+2A) 


where 441°) and pe!) denote, respectively, the values of 
i and pwe which would be deduced from the experi- 
mental data if the existence of the geometrical discon- 
tinuity were ignored, so that equations (27), (29) and 


0) 


(31) could be applied. The symbols pr‘) and pz!) are 
abbreviations for | equ'®’| + we) and | wequ’” )) 
spectively. Equations (A.2) make it possible to calculate 


(and hence from experimental data) 


0 


pol TC- 


equ from pequ!” 
once A is known. In our experiment | 41‘ 


and | ue)! are 
sufficiently large to permit us to rewrite equations (A.2) 


in the simplified form: 


po).(1—2A), 


Hequ (A.3) 
which is valid throughout the resonance curve except in 
the immediate vicinity of the points corresponding to 
poy (9 0 and pe'®) = 0. Equation (A.3) shows that the 
correction due to the geometrical discontinuity amounts 
to a scale factor only. In view of the previously des- 
cribed method'*) for extracting the value of A from the 


a 3 
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measured fequ by means of equation (3), it is seen with- 
out further calculation that in the case A = 0, which ob- 
tains in our experiments, the factor (1—2A) has no 
effect other than to cause an increase of A by the factor 
(1+4A). 

The final step is the calculation of A. Since this is 
rather involved and leads to lengthy final formulas, we 
merely describe some of the procedures and give a 
numerical result. The first task is to determine the h 
appearing in equation (26). This h can no longer be re- 
placed by ho, but it can be calculated by assuming that 
the cavity walls are perfect conductors. The cavity con- 
sists of three regions, the radius of the center conductor 
having the value a in the middle region and a+ Aa 
(where Aa is the gold foil thickness) in the two end 
regions; the radius of the outer conductor has the value 6 
throughout. In each region we set up principal mode 
(TEM) waves propagating in both directions along the 
cavity axis. To satisfy the boundary conditions, it is 
necessary to assume higher-order (TM) waves also. Each 
of the two discontinuities gives rise to an infinite num- 
ber of such waves decaying exponentially in both direc- 
tions away from the discontinuity. We assume that the 
discontinuities are sufficiently far from each other and 
from the end plates of the cavity to permit us to calculate 
the effect of each discontinuity separately. The results of 
the calculation show that these assumptions are justified 
in our experimental situation. The solution of the bound- 
ary problem at an isolated discontinuity is given in a 
general form in Section 5(a) of the paper by WHINNERY 
et al.'°°) and this solution has been adapted to the present 
situation. We achieve a number of simplifications by a 
consistent use of the approximation Aa/a <1. In cal- 
culating the various wave amplitudes numerically, we 
find that for our values of the parameters the functions 
L, and M, appearing in Reference (35) can be approxi- 
mated by the Hahn functions S, and U,, respectively. 
The available table ‘*°) of values for S, (x) had to be ex- 
tended for our purposes by computing this function for 
values of x close to unity. These computations were 
performed by Dr. B. LEPsoN on the NAREC computer 
at this Laboratory. The values of U, were obtained by 
interpolation from the tables of STRACHEY and WALLIS'?®). 

Having calculated h and ho, we next perform the 
integrations in equation (26) to obtain R. Equation 
(A.1) is then used to find A. Both h and ho have 6- 
components only. The field h is given by ho plus a series 
of first-order Bessel functions, the latter consisting of 
linear combinations of Bessel functions of the first and 
second kinds. Since the boundary conditions on the 
inner and outer conductor cause ho to be orthogonal to 
each term in this series, h can be replaced by ho in the 
volume integral (but not in the surface integral) appear- 
ing in equation (26). A further simplification results from 
the fact that in each region of the cavity ho is given by 
equation (30) plus a small perturbation which is pro- 
portional to Aa/[ar In (b/a)]. In the volume integral the 
range of z-values extends over the resonant length of the 
cavity. This length was calculated by using the boundary 
conditions at the end plates and the known field h. Since 
h is not symmetrical with respect to the center of the 
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cavity if the location of the discontinuities (and hence the 
f-factor) is arbitrary, proper normalization of h is im- 
portant. In the surface integral the range of z-values ex- 
tends, of course, only over the region between the two 
discontinuities. Considerable simplification results from 
the fact that under our experimental conditions the 
higher-order waves, which cannot be neglected com- 
pletely, are nevertheless far below cut-off. 

For numerical calculations we used the following re- 
presentative values of the parameters: a = 0-0585 in., 
b 0-250 in., Aa 0-001 in., Ao 10 cm, L, 1-285 


cm and I, 1-917 cm. Our result is 


2A (A.4) 


2-59 per cent 
which represents the algebraic sum of + 2°64 per cent 
arising from the perturbation of the principal mode and 

0-05 per cent arising from the higher-order modes. 
The latter contribution is seen to be relatively small, 


primarily because the higher-order waves are far below 
cut-off. Thus a quasi-static calculation, based on con- 
tinuity of principal wave voltage and current at the dis- 


continuities, would have been adequate in this particular 
case. Equations (A.4) and (A.3) show that the values of 
Hequ'?) deduced trom experiment should be reduced by 
2:59 per cent to obtain pequ. This correction is within the 
experimental error and was neglected. It should be noted, 
however, that in other experimental situations the largest 
contribution to A will also be due to the perturbation of 
the principal mode. Since this contribution is exactly 
proportional to Aa/a, or to some analogous fractional 
change in dimensions, it is seen that the discontinuity 
effects can easily become appreciable. 
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LETTERS TO 


On the stability of non-stoichiometric compounds 
(Received 21 April 1959) 


In a recent letter to this journal, F. A. KROGER 
pointed out some of the electrical effects of non- 
1) In considering crystalline com- 


+ , } 


stoichiometry.’ 


pounds where one of the components is present in 
excess of the concentration required by the simple 


stoichiometric ratio, several mechanisms for 


accomodating the excess atoms were described. 
electrical consequences of these mechanisms 
were discussed, with the tacit assumption that the 
compounds, when stoichiometric, are ideal semi- 
conductors with the exact electron-to-atom ratio 
required to fill their valence bands. This assump- 
is undoubtedly correct for the majority of 
niconductors that have been investigated, and is 
een in the AB compounds with the ZnS 


and with an electron-to-atom ratio of 


Attention should be called to compounds that, if 
stoichiometric, have electrons slightly in excess of 


the capacity of the valence band. These excess 
electrons must be accommodated in the conduction 


band. At temperatures below the intrinsic range, a 
plot of resistivity versus 1/T would be expe cted to 
be similar to that of a normal metal or an extrinsic 
activated donor electrons. 


semiconductor with 


Whe 


the curve Wii! 


n the intrinsic range is reached, the slope of 
he increase in the 


because of the in 


reverse 


number of carriers, and the material then behaves 


biUll 


like a typical intrinsic semiconductor. 

If, however, the energy gap between the valence 
band and the conduction band is greater than the 
energy involved in forming a vacancy (Schottky 
defect), the stoichiometric compound may not be 
stable; for more energy will be involved in lifting 
the electron over the energy gap than in creating a 
vacancy. The latter can be looked upon as sub- 
stituting an atom that does not contribute any 
electrons in a site normally occupied by one that 
does, thereby lowering the electron-to-atom ratio 
of the compound. If a sufficient number of vac- 
ancies is formed, the e/a ratio may be lowered to 
exactly the capacity of the valence band, and it will 
no longer be necessary to accommodate any elec- 
trons at a higher energy level. 

It is also possible that these sites are occupied by 
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an impurity atom that may be either foreign to the 
compound or else a constituent atom that would 
not normally occupy that position. The electrons 
of this impurity atom will probably lie in an im- 
purity level somewhere between the top of the 
valence band and the bottom of the conduction 
band. The presence of the foreign atom in the site 
may relieve, to some degree, the local strain in the 
structure caused by the vacancy, and thus make this 
impure compound the one of lower energy. 

An example of a non-stoichiometric compound 
whose stability can be explained by the above 
reasoning is the mineral stromeyerite, AgCuS. If 
stoichiometric, stromeyerite would have eight 
valence electrons for every three atoms, or an e/a 
ratio of 2-66. Its principal Brillouin zone, deter- 
mined from three strong X-ray reflections 
(112), (130) and (004) 
2-63.) The next larger zone, with a capacity of 
2-69, is determined from the (112) and (130) re- 
flections alone. As the (004) is the most intense 
X-ray reflection, it seems likely that there is an 


has an e/a capacity of only 


effective energy gap between the two zones, and 
that the principal zone, which determines the 
valence band, will be filled to capacity and the 
excess electrons of the stoichiometric compound 
must be accommodated in the conduction band at 
a higher level. 

Experimental evidence indicates that AgCuS 
does not exist as a stable stoichiometric compound. 
ScHwartTz®) and SuHR™) found from polished 
sections and from X-ray diffraction data that 
either metallic silver or AggCuSe appeared with 
stromeyerite when equal atomic proportions of the 
elements or the sulfides were sintered together. 
SunR concluded that stromeyerite is either silver- 
deficient or else has a structure in which some 
copper atoms occupy silver positions. 

More recently, DjuRLE determined that the 
stable compound has atomic proportions 
Ago.93Cu).97S.© From the structure) it is evident 
that the copper positions are quite distinct from 
the silver positions, both in co-ordination number 
and in bond lengths. Therefore, the copper can 
definitely be considered as an impurity when it 
proxies for silver in the structure. It is therefore 
proposed that this non-stoichiometric composition 
is the stable one; because when the impurity 
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copper atoms, whose electrons lie in an impurity 
level below the conduction band, are substituted 
for the silver atoms, less energy is involved than the 
energy necessary to lift the electrons of the silver 
atoms from the valence band to the conductien 
band. 

With the purpose of confirming the above pro- 
posals, the band gap energy and electrical pro- 
perties of stromeyerite are being investigated. This 
work is supported in part by the United States Air 
Force on Contract A.F. 61(052)-178. 

Geological Museum A. J. Fruen, Jr.* 
University of Oslo, Norway 
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Magnetic-dipole-induced normal mode in 
gadolinium iron garnet 


(Received 30 March 1959) 


THE magnetic properties of garnets can be cal- 
culated by the Néel model in terms of inter- 
sublattice and intra-sublattice exchange fields.) 
Because of the vector relation MxM = 0, the 
resonant frequency solutions of the dynamic 
equations of motion between the sub-lattices de- 
pend only on the inter-sublattice exchange fields. 
To obtain by resonance methods any information 
about the intra-sublattice exchange fields, one 
must be able in some way to subdivide a sub- 
lattice into distinguishable parts. It is the purpose 
of this note to point out that the magnetic-dipole 
anisotropy allows such a distinguishable decom- 
position. 

Fig. 1 represents 1/8 of the garnet unit cube with 
all the oxygen removed. A particular cq (or d;) sub- 
lattice is defined as all the c (or d) sites contained in 
parallel planes one-half a unit cell spacing apart 
and perpendicular to one of the three crystal axes. 
Two of the rer planes will contain one pair of 


* Pesce nt adden ss: Depertme nt of Geelegical Selene, 
McGill University, Montreal, P.Q., Canada. 
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opposite faces of the cube shown in Fig. 1. The 
calculation of the dipole anisotropy for these sub- 
lattices was facilitated by a table for the dipole 
fields at the 1/8 grid points of a simple cubic 
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The figure shown is 1/8 of a garnet unit cube with 
the oxygen missing. 


Fic. 1. 


lattice, kindly furnished to the author by L. R. 
WALKER, of the Bell Telephone Laboratories. The 
condition under which it might be possible to ex- 
cite this dipole-induced mode is obviously one in 
which the exchange forces which act on the sub- 
lattice are not overwhelmingly larger than the 
A favorable material for 
then, is 


dipole anisotropy fields. 
the observation of this resonance mode, 
gadolinium iron garnet, where the c¢ sites are re- 
latively weakly coupled to the a+d sites and the 
c; and c; coupling is even weaker.“ The resonant 
frequency for the ¢c sub-lattice mode is 

(w/y) = H®.~aay—3 HE ¢,¢,, 
where H¥;-,qaq) means the exchange field seen at 
the cj sites arising from all the a+d sites and 
similarly for Hc, The values for these fields as a 
function of temperature are given graphically in 
reference (1). Over most of the temperature range 
w/y ~ 4x 105 G. The value of the susceptibility 
(x) at this frequency is found to be given roughly 
by the relation 

(Haip)” Mas -d ~ 10-3 


Nae = 
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where (Hgqjp) is an average dipole anisotropy field 
arising from the cq sub-lattices, Hg the exchange 
fields acting on the c; sites, AH the resonant line 
width and M,.4 the magnetization of the a+d sub- 
lattices. Methods of observing such a resonance 
have been previously discussed. (©) 

The details of the calculations will be published 
as a Naval Research Laboratory Report. 


U.S. Naval Research Laboratory J. I. Kapitan 


Washington 25, D.C. 
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The theory of spin waves 
(Received 19 February 1959) 


1. IN a previous paper”) a single law of dispersion 
has been found for both spin waves and electro- 
magnetic waves. For an extraordinary wave pro- 
pagated in the direction of a static magnetic field 
H, it is 


» O/.9 
W— Wo—Jaw+ wep c 


f1++/(1+x)], () 


* Reprints of this Letter are available from the trans- 
lator, Dr. J. B. Sykes, 46 North Court Road, Abingdon, 
Berkshire, England. 
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where 


4(w? C*)eB yB+jaw— w) 
- yH, 


’ WO = 


(w— wo —jaw+ wB, c2)2 


k = 2n/A is the wave number in a ferromagnetic, 
B = yHexa*, Hex is the effective field of the ex- 
change forces, a the distance between neighbouring 
spins, y = 2-8 Mc/s per Oe is the magneto- 
mechanical ratio, Ms is the saturation magnetiza- 
AH/H, where AH is the half-width of 
B = 


tion, % = 
the ferromagnetic resonance curve, and 
H+4rMs. 

When the phase velocity v, 
is of the order of the velocity of light c/+/e, re- 
lativistic effects (displacement currents) are of 
importance, and equation (1) becomes the dis- 


w/k of the wave 


persion relation for electromagnetic waves found 


in Ref. (2): 


(2) 


For vg <c/1/e (the static approximation), on the 
other hand, the exchange interaction is dominant, 
and equation (1) becomes, for « = 0, the disper- 


sion relation for spin waves 


Ww wo+Pk? (3) 


shown by the dashed line in Fig. 1. 

It follows from this new approach that, for 
k-»0, the dispersion relation (3) ceases to be 
valid, and is replaced by (2), so that the use in 
Ref. (3-7) of the relation (3) for plane waves with 
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k +0, neglecting absorption and the effects of 
propagation, is, strictly speaking, no more than an 
approximation. 

2. The question arises of the exact manner in 
which electromagnetic waves pass into spin waves 
as the wavelength decreases. At first sight it might 
seem that, as A—>0, k increases, vy = w/k de- 
creases, and the electromagnetic waves change con- 
tinuously into spin waves. This conception is 
valid, however, only if no losses occur. In the 
ferromagnetics at present known, however, the 
losses are considerable, and in equation (1) we have 
vy <1.* As when « = 0, the relativistic effects 
cease to be predominant as k increases, but their 
place is taken at resonance first of all by dissipation 
processes rather than exchange forces; the electro- 
magnetic waves are damped, i.e. the wave ampli- 
tude falls by a factor of e over a distance less than 
the wavelength (k is complex; k = ki—jko, with 
ky > ki). Only when k increases past k%., (Fig. 1) 
do dissipation processes give way to exchange inter- 
action as the dominant effect (the spin-wave 
region). 

3. The corresponding calculations are as follows. 
Expanding equation (1) as a power series in y, we 
find that the double sign in front of the root gives 


two branches of the dispersion curve: 


(w—wo—juw)/8 (spin branch), (4) 
9 

w* . . 

2 e(w—yB—juw) (w— wo—juw) 


(5) 
(electromagnetic branch). 


Fig. 1 shows the curves ki(w) and ko(w) for the 
two branches (4) and (5). On the left is the electro- 
magnetic branch k&™, and on the right the spin 
branch ks?. For clarity, the figure is not to scale. 
In the region below resonance (w9—w > aw), we 


expand equation (5) as a power series in 


xw/(wo—w): 


WO W 
i 


A 


N 


hy LW) [48(wo—w)], ko 


| (6) 

tan 5 = hko/ky 
for a single 
1019 c/s, 
10-3 


* The smallest losses occur in garnets: 
crystal of yttrium garnet Y3Feo(FeOs)3 and / 
AH x 0:3 Oe'®), but even in this case « = 10~4, x 
For a polycrystalline specimen of MgO » MnO : Fe2QOs, 
AH reaches 300 Oe‘) and « = 0-1, x 10 Thus 
absorption is more important than propagation effects. 


Y 
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The spin waves are damped (kg > k;), but the 
damping is due to the phase relations between the 
field components rather than to absorption (tan 6 
~ 1/a). 

In the resonance region (|w 
tion (4) becomes 


wo! %w), equa- 


/%w Wh W 


hi 2 (1 


/ |. (7) 
V2N B 


2aw 


The physical cause of the damping is now absorp- 
tion (kg ~ 4/«) and not phase relations. 


For w—wo > aw we have 


/ W— WH 
ky / : . ko 40 / A [4B( wW— wy) |. 
A 5 ( 


penetration A 1/Ro reaches a 


2wo, and decreases as w —> 0, 


The depth of 
maximum at w = 
whereas for the electromagnetic branch the maxi- 
mum occurs for w = 0 or o. 

As we see from Fig. 1, absorption separates the 
region of propagation of spin and electromagnetic 
waves by a wide interval of wave numbers 
kee <k < k®, in which electromagnetic waves 
do not exist and spin waves are damped. In our 
examples we have for Y3Fe2(FeOq)3 Rk", 480 
cml, k®. = 4000 cm-!; for MgO - MnO: Fe2O3 
ke" x 10 cm7!, k®, 10° cm, 

The skin effect in spin waves is pronounced, and 
even for Y3Feo(FeO4)3 the penetration depth A 
does not exceed 10-2cm. In particular, for this 
reason spin waves are mainly generated not by the 
penetration of the field from the surface but by ex- 
citation throughout the volume (because of the 
presence of inhomogeneities of dimension d 

Lk, 
spin and electromagnetic branches, ©) 

4. When the wave is propagated at an arbitrary 
angle @ to the magnetic field H, w and wo in 
formulae (4)-(8) must be replaced by @ and do, 
where @ \ (w?+ lw”), Wo wottwm, and 
wu — 47Msy sin? 6 (except in the term aw, where 
w may remain). The physical picture of the transi- 
tion from electromagnetic waves to spin waves is 


and the non-linear relation between the 


the same as for @ = 0. 

5. The extraordinary waves have been con- 
sidered so far. The ordinary wave also has a spin 
branch (k? (@o+@+jxw)/8), and the gap in 
wave numbers between the electromagnetic and 
spin branches is greater by two or three orders of 
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magnitude than for extraordinary waves. Waves of 


this type are always damped (ko /|(@o+ 
+@)P ky). 


M. A. GINTSBURG 
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Comments on the above letter by 
Dr. M. A. Gintsburg 


Re cél ed 


1 June 1959) 
read Dr. GINTSBURG’s letter with interest 
come the opportunity to comment on it. It 
hat, while the usual dispersion law 

| > modified for the effects 

ion in the way he has indicated, 


h changes do not affect the situations dealt with 


n we consider Mrst 
w and k for propagation a 


field, in the form 


GINTSBURG’S (1)).* The 


right is the familiar spin-wave 


solution 


expression modified by loss. We ask when the 
second term is comparable with the first. This may 
happen when |&! is sufficiently small provided that 


‘It should be recalled that for a finite sample, 
yH. , where H;; is the demagnetized d.c. field inside 


1 
sampie 
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4ryMo 


W 


—a — 1 


Wo 


Q 
RpEW WwW 


{ (4ryMo)(yH-)a"e \' 


| c2 


since 
e2 


Q 
NEW 


For YsFeo(FeOx4)3 the right-hand side is about 
5-10 x 10-7 and even for the least lossy material at 
present available (« ~ 10-°) the equality is never 
satisfied. The spin-wave formula is thus modified 
by loss but not by propagation. In a material with a 
much lower value of the product, MoH¢, and com- 
parable loss, propagative corrections might enter. 

Suppose, however, that loss is ignored; then the 
spin-wave formula requires correction in a fre- 


quency range given by 
WO { (4aryMo)(yHe)ae \" 


| — ‘ 
WwW ce } 


and a range of k satisfying 


* /4rryMp : 


which for Y3Feo(FeO4)3 at 5 kMc corresponds to a 
wavelength of about 4x 10-8 cm. Similar results 
follow if we examine propagation at an angle to the 
applied magnetic field. They may be summarized 
by saying that, for a given applied frequency and 
magnetic field, 
length spin waves allowed at all or there will be a 


either there are no long-wave- 


small spread of angles, 

(4rry Mo) (yea ‘ 

about some angle 6(w, wo), in which the spin-wave 
0 to 


Oo w~ 


| c2 


spectrum from |k 


4 
re 


1\# 


4oryMo 
oe, 


W 
k | \ i 


will need correction for propagation. 
In the cases considered in References (4-7) of 
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GINTSBURG’s letter it is assumed, and usually stated 
explicitly, that one is dealing with finite samples. 
These are supposed to be “electromagnetically 
small’’ in the sense that the ratio of sample dimen- 
sion to electromagnetic wavelength in the sample 
(with the permeability taken equal to unity) is 
small. Under such circumstances we feel that by 
working directly from Maxwell’s equations and the 
equation of motion of the magnetization, it may 
be shown that electromagnetic corrections are of 
order (sample dimensions/electromagnetic wave- 
length)?, see References 1 and 2. The spectrum 
of disturbances in such a sample consists of plane 
waves, whose wavelength is so short that the shape 
of the boundaries affects only the over-all de- 
magnetizing factors, and long-wavelength modes 
for which the boundary shape is critical. The plane 
waves will, unless the sample is too small, be des- 
cribable by the usual spin-wave expression. The 
long-wavelength disturbances can be calculated 
magnetostatically if the sample is electromag- 
netically small and yet so large that exchange 
torques are small for wavelengths of the order of 
the sample size. Such disturbances may be re- 
solved into plane waves, although this is a some- 
what unnatural expansion. The distribution of 
such plane wave amplitudes as a function of |A| will 
have a maximum in the neighborhood of 27/sample 
dimensions. The only members of this collection of 
plane waves which are affected by propagation are 
those which lie in the very narrow angular region 
mentioned earlier and have a sufficiently short 
wavelength. We believe that the propagation cor- 
rection term of order (dimension/electromagnetic 
wavelengths)? comes from integrating over this 
perturbed part of the spectrum. 

Thus, for finite samples of the size considered in 
References (4-7) it appears to us that the break- 
down of the usual spin-wave dispersion formula 
for certain critical combinations of field, frequency 
and direction of propagation has little over-all 
effect. 


A. M. CLoGsTon 
H. SuHL 
L. R. WALKER 


Bell Telephone Laboratories 
Murray Hill, New Jersey 
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Optical absorption in n-type gallium phosphide 


(Received 2 June 1959) 


INFRARED transmission measurements at room- 
temperature have been made between 1 and 10 pv 
for a number of polycrystalline n-type gallium 
phosphide specimens. The specimens were taken 
from solid bars which were prepared by reacting 
gallium with phosphorus at a pressure of 20 atm. 
All of the samples show a broad absorption band 
in the 1-4 » region. The absorption at wavelengths 
> 4 increases with wavelength and with the 
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Fic. 1. Absorption coefficient versus wavelength for an 
n-type specimen of 1 x 10!8 cm~3 carrier concentration. 
The data are given for three temperatures. 


free-carrier concentration. The absorption at the 
longer wavelengths is typical of normal free- 
carrier absorption observed in many semicon- 
ductors.”) The 1-4, absorption band also in- 
creases with the electron concentration and does 
not occur in p-type material. The solid curve in 
Fig. 1 gives the wavelength-dependence of the 
room-temperature absorption coefficient for a 
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sample of 1 x 1018 carrier concentration. The low- 
energy threshold for the absorption band is ~ 0-31 
eV (4:0). The absorption could therefore arise 
from transitions between two sets of conduction- 
band minima with ~ 0-3 eV separation. This ex- 
planation for the presence of an electronic absorp- 
tion band has previously been proposed for n-type 
silicon'?) and gallium arsenide.) 

In order to determine whether any of the differ- 
ent conduction-band minima are separated by 


‘pe en oS mee 
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Fic. 2. Absorption coefficient as a function of photon 
energy for the fundamental absorption edge. 


~ 0:3 eV, measurements of the fundamental ab- 
sorption edge have been made. Fig. 2 shows the 
absorption coefficient as a function of photon 
energy. If the tail on the absorption edge, at the 
lowest values of «, is disregarded and a threshold 
energy (hvz) of 2-20eV is used, a log « versus 
hv;) plot yields the curve in Fig. 3. For 

1000 cm~!, the data satisfy a relation- 


hvz)™, where n = 2:2. 


log (hv 
10 o. 
ship of the type « oc (hv 
The value of m is close to the theoretically pre- 
dicted value of 2-0 for indirect transitions.“ This 
observation is consistent with the measurements 
reported for the effect of pressure on the absorp- 
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tion edge.(4) From those pressure measurements it 
was concluded that the deepest minima in the con- 
duction band are in the [100] directions. If the 
rapid rise in absorption for « > 10° cm! (see Fig. 
3) is interpreted as the onset of direct transitions, 
then the energy of separation between the [100] 
minima and the minimum at k = 0 is ~ 0-35 eV. 














) 
, IN eV 





Fic. 3. Absorption coefficient of Fig. 2 at photon energy 
hv as a function of hv—hy, where hy 2:20eV. The 
linear portion of the curve has a slope of 2:2. 


This energy is close to the threshold energy of 
~ 0:31 eV for the absorption band. It should be 
pointed out that we have neglected the effect of the 
distribution of carriers in the [100]"minima, as 
well as the energy of the phonons which must 
accompany the electron transitions between the 
two portions of the conduction band. However, 
these energies are of the order of only a few 
hundredths of 1 eV. 
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Hall-coefficient and resistivity measurements as 
a function of temperature were made for the same 
material as that used in obtaining the optical data 
given in Fig. 1, An impurity activation energy of 
~ 0-05 eV was estimated from a log carrier con- 
centration versus 1/T°K~1 plot. The carrier con- 
centration decreased by a factor of ~ 100 between 
room temperature and liquid-nitrogen tempera- 
ture. Therefore, at low temperature, the absorption 
band should be due to the excitation of the elec- 
trons from the chemical levels to the k = 0 mini- 
mum. In Fig. 1 a shift of the threshold to higher 
energy by ~ 0-05 eV is observed when the speci- 
men is cooled to low temperatures. This agree- 
ment, however, may be largely accidental, since 
we have neglected the possibility of a relative shift 
with temperature of the two minima. 

An alternative, but less likely, explanation for 
the absorption band is that it arises from levels 
~ 0:31 eV below the bottom of the conduction 
band. These deep levels cannot be the ordinary 
chemical donor states responsible for the room- 
temperature concentration of free carriers. Since 
the absorption band is dependent on the carrier 
concentration, the ~ 0-31 eV levels would have to 
be due to the same chemical impurity as that which 
is responsible for the free carriers or to some ad- 
ditional impurity whose density varies with carrier 
concentration. 

W. G. SPITZER 
M. GERSHENZON 
C. J. Froscu 
D. F. Grpss 


Bell Telephone Laboratories 
Murray Hill, New Jersey 
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Conductivity and structure of BizTe3* 
(Received 8 May 1959; revised 8 June 1959) 
It seems worth pointing out the consistency of the 


model for chemical bonding of BigTeg proposed by 


*'This work has been carried out on Contract 


AF33(616)-3984. 
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DRABBLE and GoopMAN‘) with the electrical- 
conductivity mechanism proposed by various other 
investigators. (2) 

Roughly speaking, this mechanism is as follows: 
Bismuth occupies sites on the Te” or Te) sub- 
lattice acting as an acceptor, while tellurium oc- 
cupies sites on the Bi sublattice acting as a donor. 
Thus, an excess of bismuth leads to p-type con- 
ductivity while an excess of tellurium leads to 
n-type conductivity. Let us now examine this 
mechanism in the light of Reference (1). 

Consider first tellurium replacing bismuth: we 
note that if the former donates its 5s25p4 electrons 
to the bonds with its three Te and three Te®) 
nearest neighbors, after the respective p- and 
sp? d?-orbitals have been filled, there remains an 
unbound electron; this is equivalent to a localized 
energy level near the continuum of conductivity 
states formed from the corresponding orbitals 
(donor-type level). 

If a Bi atom replaces a Te“) atom and if the 
former contributes its 6p? electrons to the bond 
with the three nearest Bi neighbors, we find one 
unfilled p-orbital; this too is equivalent to a local- 
ized energy level near the continuum of conduc- 
tivity states formed from the corresponding or- 
bitals (acceptor-type level). Again, if a Bi atom re- 
places a Te) atom and if the former contributes 
its 6s26p electrons, we find an unfilled sp%d 
orbital, giving rise to an energy level of the same 
type as in the preceding case. At present it is still 
unclear which of these two levels participates more 
readily in p-type conduction phenomena. 

If it is assumed that the difference in the effective 
electronegativities of Te“) and Bi substituting for 
Te) is negligible, then an alternative scheme 
which results in only one possible acceptor-type 
level is as follows. Since the p-orbital bonds be- 
tween Te) and Bi are stronger than the spd? 
bonds (see reference (1)), from the energetics of 
the situation one may expect that when Bi re- 
places Te“ the p-bonds with the neighboring Bi 
sites remain undisturbed at the expense of one of 
the spd? orbitals. Thus the same localized level 
results as in the case of Bi replacing 'Te®). 

Energy Conversion Group, O. P. MANLEY 
Department of Electrical Engineering, 
Massachusetts Institute of Technology, 

Cambridge, Mass. 
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The structure of ZnSb-CdSb alloys 
(Received 15 June 1959) 


SEMICONDUCTING compounds ZnSb and CdSb and 
their alloys have received much attention re- 
cently,4-%) so that a better knowledge of their 
crystal structure is desirable. 

The crystal structure of pure ZnSb and CdSb is 
well known. According to ALMIN®) both com- 
pounds have the same structure, viz. an ortho- 
rhombically deformed tetrahedral arrangement. 
Little has been published about the structure of 
their alloys. PiLat et al.), on the basis of mea- 
surements of the electric properties of ZnSb—CdSb 
alloys, postulate the existence of a ternary com- 
pound CdZnSbo. 








mole % CdSb 
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The object of the present work was to ascertain 
whether, and if so to what extent, there is solid 
solubility of each antimonide in the other and also 
whether there are any ternary compounds. 

Alloys for X-ray analysis were prepared from 
pure components in evacuated and sealed silica 
tubes. Rapidly air-cooled alloys were reheated to 
400°C and then slowly cooled to 250°C in one 
week. Alloys prepared in this way were pulverized 
and the powder was heat treated in evacuated and 
sealed silica tubes at 250°C for 24 hr. The com- 
position of the homogeneous alloys was deter- 
mined by chemical analysis. 

X-ray analysis was done by the powder method, 
using FeK and CuK radiation. Lattice parameters 
were calculated by the least-squares procedure 
from 10-14 reflections at Bragg angles of about 
45°. A continuous dependence of the lattice para- 
meters on composition over the whole range from 
pure ZnSb to pure CdSb was found (Fig. 1), 
indicating complete solid solubility. No structural 
change at 50 mol. per cent CdSb, as predicted by 
Privat et al.), was observed. As can be seen from 
Fig. 1, ZnSb—CdSb solid solutions show rather 
large positive deviations from Vegard’s law. 

The possible occurrence of ordering in alloys of 
intermediate compositions will be examined 
further. 

Institute of Technical Physics K. 'TOMAN 
Czechoslovak Academy of Sciences 
Prague, Czechoslovakia 
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The temperature-dependence of the refractive 
index of silicon 


(Received 4 May 1959; revised 6 June 1959) 


RECENTLY a paper concerning the temperature- 
dependence of the refractive index of silicon ap- 
peared in this journal,” in which a measurement 
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Fic. 1. Variation of the refractive index (m) for silicon with temperature 
(T) at three wavelengths (A): 
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of the dependence was reported in the wavelength 
range 1—5y and the temperature range 77—-400°K. 

We have measured the temperature-dependence 
of the refractive index of silicon in the wavelength 
range 1-1-1-8 and the temperature range 109- 
750°K by the method of minimum deviation, as 
described earlier.(?-3) A silicon prism was prepared 
from a p-type single crystal with a resistivity of 
~ 380 Q cm. The prism angle was 17° 51-4’. The 
error in the measurement of the deviation was 
about 0-3’. The corresponding error in the re- 
fractive index (n) was ~ 0-0004. The tempera- 
ture was determined by means of a copper Con- 
stantan thermocouple with an error of ~ 1°K in 
the middle of the range and ~ 2°K at the ends of 
the temperature range. The refractive index at 
room temperature agrees well with the results of 
SALZBERG and ViLLa). (Our value of is syste- 
matically 0-0015 lower than theirs in the same 
wavelength range at the same temperature.) The 


A 
* 


0A = 1:259 p, 


A = 1-407 p, 
A = 1°564 pw. 


temperature-dependence n = f(7') for three wave- 
lengths (A) is given in Fig. 1. We can show that at 
temperatures 7’ < 170°K the relationship n ~ T2 
is valid. The dependence dn/dT = f(T) is shown in 
Fig. 2. It can be seen that the extrapolation of this 
curve (or rather of its straight part) to low tempera- 
tures passes through the origin at absolute zero 
temperature. 

These results are in good agreement with 
ANTONCIK’s theory of the temperature-dependence 
of the refractive index of homopolar crystals.) In 
Fig. 3 the relationship dn/dT = f(A) at T = 300°K 
is compared with the theoretical curve 


dn 


Ne2 
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vo dvg 


(vo2—v2)2_ dT 

(1) 
This expression is applicable beyond the funda- 
mental absorption edge of the semiconductors or 
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f the temperature coefficient of the 

1/dT) for silicon with temperature at 

two wavelengths: 

\ 1-259 p, 
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insulators when some assumptions made in Ref. (3) 
are valid. 

In our case we substitute in equation (1) the 
vo 8-1 x 1014 sec 
1(°C)-1 (from Ref. (7) assum- 


7 
values: 
6-36 x 1019 sec 
ing that 


lveldT oe 
h 


300°K), the volume expansion coefficient 
7 x 10-6 (°C)—! from Ref. (8) at ~ T = 300°K, 


% 


Variation of dn/dT for silicon with wavelength at 


temperature 


I experimental, 


theoretical curve calculated from 


equation ( 1) 


l from Ref. (6), dvo/dT 
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Ne? zm = 4:05 x 1089 sec~? (N being the number 
of silicon atoms in 1 cm?®), 

When we take into account the simplified 
assumptions made in Refs. (3) and (5), we can say 
that the agreement between the experimental and 
theoretical results is satisfactory—at least qualita- 
tively. 

The quantitative agreement between the results 
of Carpona ef al.) and our own is not very satis- 
factory. When we extrapolate our 1/n - dn/dT to 
long wavelengths (zero frequency), we get (4-8+ 
0-2)x 10-9(°C)-1 at T = 300°K, which is about 
25 per the 


CARDONA et al. It is true that the latter value is 


cent higher than average value of 
determined as an average of the dependence n 

f(T) in the temperature range 77-400°K, which is 
certainly lower than the temperature coefficient at 
300°K because of the nonlinear dependence of the 
refractive index on temperature. But it is unlikely 
that the discrepancy between these two values can 


be accounted for by this effect or by the errors in 


the results. It is to be noted that the same holds 
also for germanium,'?’*) the difference in this case 
being even greater—about 40 per cent. For the 
latter case the results of RANK ef al.(), which are 
~ 10 per cent higher than ours, are also available. 
These discrepancies have not yet been accounted 
for. It is possible that free carriers affect the re- 
fractive index. 

Details of this work will be published in the 
Czechoslovak Jou nal of Physics. 
Department of Physics F, LUKES 
Natural Science Faculty 
University of Brno 
Czechoslovakia 
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The high-voltage photoeffect in ZnS single crystals 
(Received 21 June 1959) 


A NEW photovoltaic effect in ZnS single crystals 
has recently been observed,(—4) which differs from 
the usual types in two principal ways: the photo- 
voltage is much higher than the voltage corre- 
sponding to the energy gap and changes its sign 
with the wavelength of the light. In non-activated 
crystals, to which the present communication 
refers, the photovoltage has a sharp peak at a 
wavelength near 3400 A. If its sign here is regarded 
as positive, there are on both sides of this peak 
regions of negative photovoltage (which we will 
refer to as long- and short-wavelength negative 
regions). Except in Reference (2), it is stressed in all 
the papers mentioned above that this effect is con- 
nected with the presence of stacking faults within 
the crystal. 

There are two basic possibilities to explain this 
effect. We can imagine that inside the crystal an 
internal field is present which is additive along the 
crystal; this may be due either to the one- 
directional symmetry of the crystal (in the way 
suggested by CHEROFF and KELLER )) or to the 
forces acting on current carriers in the stacking 
faults which, according to Merz), may all be ad- 
ditive. There are important objections to this 
possibility however. In fact, in this case a high 
voltage must exist in the dark inside the crystal 
that is of the same value as the observed photo- 
voltage at high illumination (cf. Reference (5)). 
This voltage must be somehow compensated so 
that the resulting voltage observed at the ends of 
an unilluminated crystal is zero, This cannot be 
done at the contacts, where voltages only of the 
order of the gap can be realized. 

The other possibility is a model consisting of a 
series of potential barriers of alternating sign inside 
the crystal. The observed temperature-dependence 
of the photovoltage and its dependence on the in- 
tensity of illumination could be explained by a 
model of this kind. The question is how the bar- 
riers are constructed so that the photovoltages on 
them do not cancel out along the crystal. The 
model suggested by Merz) would in fact give 
zero photovoltage on high illumination (cf. 
Reference (5) for a general discussion). 

The model we propose is based on the experi- 


THE EDITOR 345 
mental facts that the effect exists only when stack- 
ing faults are present and that the gaps of the cubic 
Egeuv) and hexagonal structures E¢ nex, differ 
by about 0-1 eV (cf. References (6), (7)). Then two 
further assumptions are made, the correctness of 
which remains to be confirmed experimentally: 


(a) The photoeffect in the barriers between the 
cubic and hexagonal structures decreases sharply 
on the short-wavelength side. 

(5) Inside each structure a concentration gradi- 
ent of donors is present which leads to the genera- 
tion of potential barriers inside the structures. 
These barriers are more or less similar along the 
crystal. 


By combining the barriers at the stacking faults 
(corresponding to the difference in the gaps of the 
two structures) and the barriers due to a concentra- 
tion gradient of donors, a unit can be constructed 
as shown in Fig. 1. In this very simple case, the 


Hexagonal 


tence band | 


Fic. 1. An example of the band structure to explain the 

high-voltage photoeffect. The difference between Ee ,cun) 

and E«nex) is exaggerated. The donor concentration 

decreases from left to right. The sign of the photovoltage 
is positive when the left-hand side is positive. 


energy levels at the beginning of the unit are 
exactly the same as at the end of the unit; we can 
build up a series of such units and all photo- 
voltages in them are additive. 

Irradiating such a unit with photons of energy 
Eqeub), We obtain a negative photovoltage which 
at a high illumination level has the value —AEj/e 
(negative long-wavelength region). If we increase 
the energy of the photons, a photovoltage in the 
barriers in the stacking faults appears which is 
positive and attains the value AFs/e = (Eg nex) — 
—Egeuv))/e > AE\/e (cf. References (5), (8)) 
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(positive peak). If the photon energy is increased 
still further, a negative photovoltage in the barrier 
in the hexagonal structure appears which attains 
AF3/e. At this point, the resulting 
photovoltage is zero: AF; é +A» é AE3 é 0 
(see Fig. 1). At still shorter wavelengths, AF2/e 
decreases according to assumption (a) and a nega- 
tive photovoltage appears again (negative short- 
wavelength region). It is easily seen that provided 
that the chief concepts are retained, one can ob- 
tain qualitatively similar results with less sym- 


the value 


metrical structures of barriers. 


The sharp decrease of the photovoltaic effect on the 
short-wavelength side (assumption (a)) has been ob- 
served in several semiconductors (e.g. PbS‘) and 
CdS°)), but not yet satisfactorily explained. We suggest 
that with the barriers in the stacking faults this may due 
to their thinness. Electrons and holes with large velo- 
cities created by the absorption of high-energy photons 
pass through the thin barrier without any effect on its 
height and therefore set up no photovoltage. 

It is difficult to demonstrate the plausibility of assump- 
tion (6). A distribution of the kind required would be 
realized, for example, by the following mechanism. Let 
us suppose that the change from the cubic to the hexa- 
gonal structure during the growth of the crystal is 
caused by an increase in donor concentration (or alter- 
natively by a decrease in acceptor concentration in com- 
pensated samples). When it decreases below a certain 
limit, the cubic structure appears again. In such a case, 
the gradients in the units would be as shown in Fig. 1, 
supposing the crystal started to grow on the left. This 
example is intended to show clearly what the distribution 
of donors should be like rather than to suggest that such 


a mechanism really operates.* 


The fundamental idea in the proposed model is a 
system of competing barriers of two types; in this 
way it tries to relate the high-voltage photoeffect 
to the conventional theory of photovoltaic effects. 
It accounts well for the qualitative features of the 
observed phenomena and gives the right order of 
magnitude for the photovoltage per barrier 
(~ 0-1 eV). It offers a plausible explanation of the 
pyroelectric effect observed by Lempicky"); if, 


* Note added in proof: In a recent discussion with the 
author, Dr. Merz has proposed that the barriers inside 
the cubic and hexagonal structures may be due to in- 
trinsic forces acting on the carriers owing to the uni- 
directivity of the crystal axis, as suggested by CHEROFF 
and KELLER‘), instead of by concentrationg radients of 
donors. The proposed model applies also for this case; 
the sign of the photovoltage is now connected with the 
direction of the growth of the crystal. 
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when the crystal is heated, the barriers in the 
stacking faults tend to disappear more quickly than 
the concentration barriers, then a positive voltage 
would appear, as observed. It is hoped that the 
model may prove useful as a working hypothesis 
for further experiments aiming at elucidating the 
nature of the high-voltage photoeffect in ZnS. 
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Some further results on ferromagnetism in 
relation to superconductivity 


(Received 27 March 1959; revised 12 May 1959) 


IN this note we report some extensions of our re- 
cent work”) on ferromagnetism and supercon- 
ductivity. Some time ago, one of the authors) 
pointed out that the superconducting transition 
temperature appeared to vary almost periodically 
with the nominal valence of the constituent atoms, 
attaining maxima near 3, 5 and 7 electrons per 
atom. No satisfactory explanation of this regularity 
has yet been found. 
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It occurred to us to look for a similar regularity 
in the variation of ferromagnetic Curie points. 
Unfortunately we have so far been able to try this 
only in the vicinity of seven valence electrons. Fig. 
1 shows our results. 

We made up specimens of AB» Laves phases in 
which B ranged from rhenium to platinum (where 





Fic. 1 


necessary, via mixtures of adjacent elements), cor- 
responding to a nominal valence variation from 
~ 6 to ~ 8 valence electrons. When the A con- 
stituent was yttrium, the compounds were super- 
conducting with a variation of transition tempera- 
ture following the previously established rules. 
When the A constituent was neodymium, they 
were ferromagnetic, with Curie points varying in a 
similar fashion. ‘This seems to indicate that near 
an average valence seven, at any rate, the valence 
plays a critical part, not only in superconductivity, 
but also in ferromagnetism, when (as is likely here) 
the magnetism is due to indirect exchange be- 
tween magnetic ions via conduction electrons. 
One point on the transition-temperature curve 
(just above osmium) was out of line. However, we 
found that in the range just above osmium, our 


crystals were mixed hexagonal and cubic, and a 
degradation of transition temperature due to 
structural mixture is quite common. 

In regard to materials exhibiting what appears to 
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be simultaneous ferromagnetism and supercon- 
ductivity, we were able to improve on our pre- 
vious results,2) which related to the solutions 
Ce;_7GdzRug, by studying the system Y}_7¢GdzOsz. 
The new results, shown in Fig. 2, represent a 


distinct improvement. In the first place, the 








effective number of valence electrons of yttrium is 
much less in doubt than that of cerium. Hence we 
obtain much better agreement of the 
ducting branch with the qualitative predictions of 
theory,®) in which the valence was assumed fixed. 


supercon- 


Secondly, the two branches (superconducting and 
ferromagnetic) overlap in a more clear-cut 
fashion. 

The tests for superconductivity and ferromag- 
netism were both carried out in the same apparatus, 
which has been described by HuLM and others, +5) 
They consist of measuring ballistically the mutual 
conductance of a concentric coil system, the core 
of which is the metal sample. In the superconduct- 
ing range the mutual inductance is greatly reduced 
the 


In the ferromagnetic 


and calibration superconducting 
volume to 
state the opposite behavior occurs. 

The ferromagnetic Curie points were determined 
in two ways: (1) the small field susceptibility was 
measured and showed a maximum in the close 


permits 


be evaluated. 
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vicinity of the Curie point; (2) the sample was 
polarized below the Curie point, which was then 


defined as the temperature at which the remanence 


disappeared. This was determined by flipping the 


sample in and out of the mutual inductance system 
with no magnetic field present, and observing the 


induced voltage. The two temperatures usually 
eed within | 
n those samples that became first supercon- 
ducting, the possible occurrence of ferromagnetism 
at a lower temperature could not be checked in the 
described manner. Those whose Curie points ex- 
ceeded the superconducting transition tempera- 
were readily seen to become super- 
by the above method, and furthermore 
o retain their full remanence in zero 
after cooling into and reheating out of the 
superconducting State. 
\t this point we still do not know if the 


phenomena coexist in the same volume element, or 


two 


merely exist side by side in some kind of alternat- 


eg 
ng domain 1, involving the disappearance of 


ferromagnetism in part at the superconducting 


transition temperature. 
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Note added 16 June 1959: The magnetic saturation 
moment in (Y,Gd)Osz indicates 7 Bohr magnetons per 
The remanence corresponds to be- 


atom 


gadolinium 
tween 3 and 4 Bohr magnetons per gadolinium atom, 
varying somewhat from one sample to the next. This 
ferromagnetism in dilute solutions is not to be confused 


with the antiferromagnetism of dilute solutions of the 
transition elements, such as manganese 1n copper.'°? 


Bell Telephone Laboratories H. SuHL 


Murray Hill, N.J. B. 'T. Matruias 
CORENZWIT 
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